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CHAPTER I .  GENERAL INTRODUCTION 
Micas  a re  among the  common rock-forming minera ls  and,  consequent ly ,  
a re  par t  of  the  parent  mater ia l  in  which many so i ls  form.  Their  
importance  in  so i ls  i s  both  agronomic and minéra logie .  Agronomical  1  y ,  
micas  serve  as  a  major  source  of  potass ium (K)  and severa l  o ther  
e lements  tha t  are  essent ia l  to  plant  nut r i t ion .  Mineralogical ly ,  micas  
are  of  importance  because  they weather  to  produce severa l  secondary 
layer  s i l ica tes  including i l  l i te ,  vermicul i te ,  smect i te  and kaol in i te .  
The physical  and chemical  proper t ies  of  these  secondary c lay- .s ize  
minera ls  determine to  a  large  extent  the  react ions  that  may occur  in  
so i l  sys tems.  
The ra te  a t  which micas  weather  and the  products  tha t  are  formed as  
they weather  depend on numerous  fac tors  including the  composi t ion of  the  
mica ,  the  nature  of  the  weather ing solut ion,  and the  in tens i ty  of  the  
weather ing regime.  What  d is t inguishes  mica  weather ing f rom that  of  
o ther  soi l  minera ls  (e .g . ,  fe ldspars ,  quar tz) ,  however ,  i s  that  i t  of ten  
proceeds  anisot ropical ly  because  of  the  layer  type of  s t ructure .  For  
example ,  the  in ter !ayer  ca t ions  (predominant ly  K)® may be  solubi l ized by 
exchange wi th  more  s t rongly  hydrated ions  (Na,  Mg,  Ca)® leading to  an 
expandable  layer  type s t ructure .  As a  resul t ,  mica  weather ing can 
^Throughout  th is  d isser ta t ion,  the  e lementa l  symbol  wi l l  a lso  
be  used to  represent  the  s table  aquo ion or  species  having the  same 
oxidat ion s ta te  as  th is  ion [ i .e . ,  K a lso  represents  K(I)  and K ,  A1 
represents  Al( I I I )  species ,  F represents  F(- I )  and F"  species ,  e tc . ] .  
2 
involve  both  the  in ternal  and external  surfaces  of  the  expanded mica  and 
can be  profoundly  inf luenced by the  unique chemical  environment  of  the  
in ter !ayer  region.  
Another  compl icat ing fac tor  in  the  chemis t ry  of  mica  weather ing i s  
the  presence of  redox-sensi t ive  e lements  (Fe ,  Mn) in  the  mica  s t ructure .  
A change in  the  redox s ta tus  of  these  e lements ,  such as  the  oxidat ion of  
s t ructura l  Fe(I I ) ,  must  be  accompanied by a  charge-balancing react ion to  
mainta in  e lec t r ica l  neutra l i ty  in  the  mica  s t ructure .  Examples  of  
charge-balancing react ions  include the  loss  or  gain  of  in ter layer  
ca t ions ,  the  e jec t ion of  ca t ions  from the  octahedral  s i tes ,  and the  
revers ib le  deprotonat ion of  hydroxyl  groups  in  the  s t ructure .  
As d iscussed in  a  recent  review by Scot t  and Amonet te  (1988) ,  much 
of  the  research in to  the  chemis t ry  of  mica  weather ing has  focussed on 
e i ther  the  oxidat ion of  s t ructura l  Fe or  the  exchange of  in ter layer  K by 
o ther  ions .  The in terplay between these  two processes  has  a lso  received 
a t tent ion,  but  some quest ions  remain unresolved.  In  par t icular ,  
a l though Fe oxidat ion occurs  readi ly  when the  in ter layer  region i s  
expanded by in ter layer  K exchange (Newman and Brown,  1966;  Rober t  and 
Pedro,  1969;  Farmer  e t  a l . ,  1971;  Ross  and Rich,  1974;  Scot t  and 
Youssef ,  1979) ,  i t  i s  uncer ta in  whether  Fe oxidat ion can occur  pr ior  to  
expansion of  the  in ter layer  region and to  what  extent  subsequent  K 
exchange might  be  af fec ted.  In  theory,  i f  Fe oxidat ion did  occur  and 
were  balanced sole ly  by deprotonat ion of  s t ructura l  hydroxyls ,  the  
se lec t iv i ty  of  the  mica  for  K would  be  enhanced and the  ra te  of  
weather ing diminished.  On the  other  hand,  i f  Fe oxidat ion were  balanced 
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by the  loss  of  In ter !ayer  ca t ions  ( i .e . ,  the  negat ive  charge  of  the  mica  
layers  was  decreased by the  oxidat ion of  s t ructura l  Fe) ,  a  subsequent  
expansion of  the  mica  should  occur  more  readi ly  and the  ra te  of  
weather ing should  increase .  The e jec t ion of  octahedral  ca t ions  to  
balance  oxidat ion may enhance the  suscept ib i l i ty  of  micas  to  weather ing 
by causing some opening of  the  in ter layer  region,  but  could  have the  
opposi te  ef fec t  i f  the  K se lec t iv i ty  i s  enhanced by a  ro ta t ion of  the  
s t ructura l  hydroxyl  d ipoles  towards  the  vacant  s i tes .  
Laboratory  a t tempts  to  oxidize  s t ructura l  Fe in  b io t i te  wi thout  
expanding the  in ter layer  region by K exchange have involved t rea tments  
wi th  s t rong oxidants  in  solut ions  having high K concentra t ions .  The 
most  e f fec t ive  oxidants  seem to  be  HgOg and Brg,  a l though each suffers  
f rom cer ta in  l imi ta t ions  (Amonet te  e t  a l . ,  1985) .  The resul ts  of  these  
a t tempts  have been mixed and are  somewhat  obscured by s ide-effects  
associa ted  wi th  the  oxidants  and the  fac t  tha t  only  two micas  have been 
s tudied.  
Juo and White  (1969)  obta ined "only  par t ia l  oxidat ion"  in  a  ground 
Gold Coast  b io t i te  sample  (< 5-wm s ize-f rac t ion)  t rea ted for  shor t  t ime 
per iods  wi th  30% HgOg-O.Z M KCl  so lut ions .  These  resul ts  may have been 
af fected by the  rapid  decomposi t ion of  HgOg a t  80°C as  wel l  as  the  shor t  
t rea tment  per iods .  By mainta ining HgOg a t  adequate  levels  wi th  a  
cont inuous-f low system and by t rea t ing for  longer  t ime per iods  in  1  M 
KOAc a t  80°C,  Amonet te  (1983)  was  able  to  oxidize  more  than 50% of  the  
s t ructura l  Fe in  ground Faraday b iot i te  samples  (10-  to  20-um) in  24 
days .  Ident ica l  exper iments  wi th  large  macrof lakes  of  the  b iot i te ,  
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however ,  resul ted  in  extensive  exfol ia t ion of  the  mica  by the  HgOg 
t rea tment  (Scot t  and Amonet te ,  1988) .  These  resul ts  suggested that  the  
oxidat ion observed in  both  ins tances  could  be  due to  a  propor t ional  
increase  in  the  surface  area  exposed to  the  oxidiz ing solut ion.  
Signif icant  oxidat ion of  the  same b iot i te  (5-  to  10-um s ize-f rac t ion and 
macrof lakes)  has  a lso  been achieved us ing Brg-sa tura ted KCl so lut ions  
(Kozak,  1976) ,  but  much longer  t rea tments  are  required and the  resul ts  
are  confounded by the  potent ia l  for  in ter !ayer  K-HgO* exchange that  
exis ts  in  ac idic  solut ions  (Newman,  1970) .  
Amonet te  (1983)  a lso  s tudied the  kinet ics  of  the  oxidat ive  
weather ing process  in  the  Faraday b io t i te .  In  h is  exper iments  wi th  
f lowing 30% HgOg-l  M K so lut ions ,  he  noted that  a f ter  an in i t ia l  per iod 
of  rapid  oxidat ion the  ra te  of  oxidat ion s lowed unt i l  i t  was essent ia l ly  
the  same as  the  corresponding ra te  of  d issolut ion.  He proposed a  s imple  
core-r ind type of  weather ing model  in  which mica  par t ic les  were  assumed 
to  be  homogeneous  two-dimensional  d isks  consis t ing of  an unal tered core  
and an oxidized r ind.  According to  the  model ,  the  width  of  the  oxidized 
r ind zone expanded unt i l  the  radia l  ra te  of  e lec t ron di f fus ion (which i s  
inverse ly  propor t ional  to  the  di f fus ion dis tance)  f rom the  core-r ind 
boundary in  the  in ter ior  of  the  mica  to  the  bulk  solut ion had s lowed to  
equal  the  radia l  ra te  of  d issolut ion a t  the  exter ior  of  the  par t ic le .  
From th is  s tage ,  the  width  of  the  oxidized r ind zone remained constant  
unt i l  the  core  was complete ly  oxidized.  One d i f f icul ty  wi th  th is  model ,  
however ,  i s  that  i t  assumes no d issolut ion or  oxidat ion occurs  a t  the  
basal  surfaces  of  the  mica  par t ic les .  Thus ,  the  mica  i s  predic ted  to  
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weather  a t  the  same ra te  regardless  of  the  degree  of  expansion or  
exfol ia t ion of  the  mica .  Unfor tunate ly ,  no d i rec t  measurements  of  the  
extent  of  exfol ia t ion,  or  of  the  re la t ive  dissolut ion ra tes  of  
exfol ia ted  and unal tered samples ,  were  made in  the  s tudy,  so  the  
val id i ty  of  the  model  could  not  be  ver i f ied .  
Clear ly ,  none of  these  laboratory  weather ing s tudies  has  
demonstra ted  conclus ively  that  s t ructura l  Fe can or  cannot  be  oxidized 
in  a  contracted mica  by an  aqueous  solut ion.  This  resul t  i s  a t  leas t  
par t ly  due to  the  l imi ted  number  of  micas  examined in  these  weather ing 
s tudies  and the  uncer ta in t ies  regarding the  extent  of  exfol ia t ion and 
expansion of  the  mica  layers  dur ing t rea tment .  The centra l  problem of  
th is  d isser ta t ion,  therefore ,  was  to  resolve  the  controversy  regarding 
the  aqueous  oxidat ion of  s t ructura l  Fe in  contracted micas .  
A so lut ion to  the  problem was approached by developing and applying 
a  var ie ty  of  exper imenta l  techniques  to  s tudy the  laboratory  weather ing 
of  t r ioctahedral  micas .  Three  micas  were  chosen for  th is  s tudy and they 
encompassed a  wide range in  Fe(I I )  content  so  that  the  ro le  of  Fe 
oxidat ion could  be  segregated f rom other  fea tures  of  mica  weather ing.  
Solut ions  of  HgOg buffered a t  pH 4 .7  were  used to  oxidize  the  micas  
because  ear l ier  work (Amonet te ,  1983;  Amonet te  e t  a l . ,  1985)  had shown 
these  solut ions  offered the  bes t  combinat ion of  a  s t rong oxidant  wi th  
minimal  s ide  ef fects .  To i so la te  the  ef fects  of  d issolut ion dur ing 
t rea tment  f rom those  of  oxidat ion,  ident ica l  solut ions  wi thout  HgOg were  
a lso  used to  weather  the  micas .  To fur ther  def ine  the  roles  of  
oxidat ion,  d issolut ion,  and var ious  charge-balancing react ions ,  severa l  
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pret rea tments  (e .g . ,  K-deple t ion,  deutera t lon,  oxidat ion)  were  a lso  
appl ied  to  the  micas  before  they received the  weather ing t rea tments .  A 
specia l  f low-through apparatus ,  const ructed ent i re ly  of  iner t  p las t ic  
and a t tached to  a  per is ta l t ic  pump,  was  des igned to  a l low s imul taneous  
t rea tment  of  severa l  mica  samples  a t  80®C whi le  mainta ining essent ia l ly  
constant  levels  of  the  oxidant  and o ther  reactants  in  solut ion.  The 
e f f luent  col lec ted from these  t rea tments  a f ter  var ious  per iods  was  
analyzed for  mica  const i tuents  and the  resul ts  in terpre ted wi th  the  a id  
of  a  k inet ic  model  for  heterogeneous  d issolut ion adapted f rom ear l ier  
work of  Delmon (1961a,  1961b,  1961c) .  These  k inet ic  data ,  together  wi th  
data  f rom a  K-Rb t racer  s tudy were  used to  es tabl ish  the  exis tence  and 
to  es t imate  the  extent  of  the  exfol ia t ion and expansion react ions  
thought  to  occur  dur ing the  weather ing t rea tments .  
Resolut ion of  the  problem a lso  required the  development  and 
appl ica t ion of  severa l  analyt ica l  techniques .  Thus ,  a  precise  and 
re l iable  method for  the  assay of  Fe(I I )  in  micas  was  developed by making 
severa l  modif ica t ions  to  the  procedures  of  Wilson (1965)  and Peters  
(1968) .  Another  method for  es t imat ing the  ca t ion occupancy of  the  
octahedral  and te t rahedral  s i tes  in  micas  by x-ray d i f f rac t ion was 
developed to  a l low the  moni tor ing of  ca t ion e jec t ion react ions  dur ing 
weather ing.  And,  rout ine  use  was  made of  MOssbauer  and infrared 
spect roscopies  to  fol low changes  in  the  oxidat ion s ta te  of  Fe and in  the  
coordinat ion environment  of  s t ructura l  hydroxyls ,  respect ively ,  dur ing 
the  weather ing t rea tments .  
In  the  chapters  tha t  fo l low,  the  Fe(I I )  and ca t ion occupancy 
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techniques  are  discussed thoroughly  and then appl ied ,  in  combinat ion 
wi th  the  exper imenta l  techniques  that  were  out l ined,  to  achieve a  bet ter  
unders tanding of  the  ro le  of  i ron oxidat ion in  the  aqueous  weather ing of  
micas .  
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CHAPTER I I .  AN IMPROVED SEMI-MICRO METHOD 
FOR THE DETERMINATION OF FERROUS IRON 
IN NON-REFRACTORY SILICATE MINERALS 
In t roduct ion 
Survey of  exis t ing methods  
Procedures  for  the  determinat ion of  the  redox s ta tus  of  Fe in  
s i l ica te  minera ls  can genera l ly  be  d is t inguished on the  bas is  of  method 
of  sample  decomposi t ion and method of  Fe(I I )  assay (Schafer ,  1966;  
Johnson and Maxwel l ,  1981;  Love!and,  1988) .  According to  the  f i rs t  
cr i ter ion,  two broad groups  of  methods  exis t - - those  achieving sample  
decomposi t ion by an a lkal i -sa l t  fus ion fol lowed by d issolut ion of  the  
fus ion cake in  an ac id  solut ion and those  in  which the  sample  i s  
d issolved d i rec t ly  in  a  s t rong acid  mixture  (usual ly  HF-HgSO^) .  
Both  of  these  decomposi t ion techniques  face  the  considerable  
chal lenge of  mainta ining the  or ig inal  Fe{II) /Fe(I I I )  equi l ibr ium whi le  
prepar ing the  sample  for  assay.  The fus ion methods  seem to  be  more  a t  
r i sk  in  th is  regard  than the  acid  decomposi t ion methods  because  of  the  
higher  temperatures  involved (Donaldson,  1969) ,  a l though they do have 
the  advantage of  complete ly  d issolving otherwise  ref ractory  samples .  
The ac id  decomposi t ion methods ,  on the  other  hand,  have found wide usage 
( in  par t  because  of  the i r  re la t ive  s impl ic i ty ,  h igh sample  throughput  
and access ibi l i ty  to  most  wet  chemis t ry  laborator ies) ,  but  face  problems 
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associa ted  wi th  the  format ion of  insoluble  f luor ides  and recalc i t rant  
f luor ide  complexes .  They genera l ly  y ie ld  higher  precis ion than the  
fus ion methods ,  however ,  and are  probably  the  more  accurate  methods  for  
non-refractory  samples .  
The second major  c r i ter ion by which Fe(I I )  methods  can be  
d is t inguished i s  the  manner  in  which the  Fe(I I )  content  i s  assayed once 
the  sample  has  been d issolved.  Again ,  two broad ca tegor ies  are  
found--oxidimetr ic  methods ,  in  which the  Fe(I I )  i s  determined by 
react ion wi th  a  known quant i ty  of  oxidant  (d i rec t  t i t ra t ion or  
back- t i t ra t ion) ,  and spect rophotometr ic  techniques ,  which involve  the  
chela t ion of  Fe(I I )  by a  chromogenic  compound [e .g . ,  1 ,10-phenanthrol ine  
(phen)]  and determinat ion of  the  amount  present  by color imetry .  In  both  
types  of  methods ,  the  oxidant  or  chromogen can be  added af ter  the  sample  
has  been d issolved or ,  preferably ,  added a t  the  same t ime as  the  
dissolving acid  so  tha t  react ion wi th  Fe(I I )  occurs  immediate ly  upon 
d issolut ion of  the  sample  and oxidat ion by aqueous  Og i s  minimized.  In  
the  la t ter  ins tance ,  care  must  be  taken to  ensure  that  the  oxidant  or  
chromogen i s  s table  under  the  condi t ions  encountered dur ing the  
decomposi t ion procedure .  
Several  fac tors  can in ter fere  wi th  the  accurate  assay of  the  Fe(I I )  
in  the  sample .  The f i rs t  and most  obvious  fac tor  i s  an incomplete  
solubi l iza t ion of  the  sample .  This  i s  more  of ten  a  problem in  the  ac id  
decomposi t ion procedures  and i s  usual ly  due to  the  format ion of  
insoluble  f luor ides  af ter  the  or ig inal  sample  has  d issolved.  The 
addi t ion of  f luor ide  complexing agents  such as  H^BOg,  BeClg or  AlClg to  
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the  HF d iges t  can help  to  dissolve  f luor ide  precipi ta tes ,  a l though 
success  wi th  th is  approach i s  not  complete ly  assured.  Al ternat ively ,  
ref ractory  samples  may be  d issolved by the  use  of  a  fus ion technique.  A 
second in ter fer ing fac tor  i s  the  oxidat ion or  reduct ion of  Fe in  
solut ion by o ther  components  or ig inal ly  present  in  the  sample  [e .g . ,  
sul f ides ,  organic  mat ter ,  Ti ( I I I ) ,  Mn(IV) ,  Cu(I) ,  V(II I ) ,  V(V)] .  Shor t  
of  removing the  in ter fer ing component  f rom the  sample ,  which in  i t se l f  
may be  a  formidable  task ,  th is  problem seems in t rac table .  The accuracy 
of  a l l  sample-des t ruct ive  methods  for  Fe(I I )  suffers  to  some extent  f rom 
th is  source  of  e r ror ,  but ,  in  most  non-sul f id ic  and non-carbonaceous  
samples ,  the  magni tude of  the  er ror  i s  probably  smal l  and of  l i t t le  
s ignif icance .  A th i rd  potent ia l  in ter fer ing fac tor  i s  the  oxidat ion of  
Fe(I I )  in  solut ion by d issolved Og.  The problem i s  wel l -known and i s  
discussed in  some deta i l  by Clemency and Hagner  (1961) ,  Schafer  (1966) ,  
and Johnson and Maxwel l  (1981) .  The poss ibi l i ty  of  Og in ter ference  can 
be  e l iminated by conduct ing the  ent i re  procedure  under  an  iner t  
a tmosphere  or ,  more  eas i ly ,  by decomposing the  sample  in  the  presence of  
an oxidant  or  chromogen tha t  i s  more  res is tant  to  oxidat ion by Og.  
Other  problems ar ise  from the  presence of  ions  tha t  in ter fere  in  
the  Fe(I I )  assay.  For  oxidimetr ic  methods ,  ion couples  tha t  have formal  
redox potent ia ls  between those  of  the  oxidant  and Fe couples  may cause  
er rors .  In  large  par t ,  these  er rors  can be  e l iminated by the  judic ious  
choice  of  the  oxidiz ing couple .  For  example ,  Mn(II )  and Cr(I I I )  may 
contr ibute  to  the  Fe(I I )  t i t re  when the  s t rong oxidants  MnO^" or  Ce(IV)  
are  used in  ac idic  solut ions--use  of  the  milder  oxidants  lO^" or  VO^" 
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avoids  th is  problem.  The oxidimetr ic  methods  can a lso  suffer  f rom 
indis t inct  endpoints ,  a  problem that  i s  of ten  solved by the  addi t ion of  
phosphate  or  f luor ide  ions  to  form color less  Fe(I I I )  complexes  and to  
poise  the  Fe(I I ) /Fe(I I I )  sys tem a t  a  s l ight ly  lower  redox potent ia l .  
These  addi t ions ,  a l though yie lding considerable  improvements  in  
precis ion,  may have an impact  on accuracy i f  blank and sample  matr ices  
are  not  wel l -matched.  
With  spect rophotometr ic  techniques ,  var ious  t rans i t ion metal  ions  
can g ive  high Fe(I I )  assays  by forming the i r  own chromogen complexes  
whose  absorbance maxima over lap  those  of  Fe(I I ) .  Lower  assays  by these  
techniques  may be  obta ined in  s t rongly  ac idic  solut ions  or  when o ther  
complexing anions  such as  cyanide ,  phosphate ,  pyrophosphate  and 
d ichromate  are  present  (Schi l t ,  1967,  p .  58) .  Rela t ively  high 
concentra t ions  of  f luor ide  ions  can a lso  in ter fere  in  the  format ion of  
the  chromogen chela te  (Stucki  and Anderson,  1981;  Kiss ,  1974)  and whi te  
l ight  can ca ta lyze  the  reduct ion of  Fe(I I I ) -phen to  the  Fe(I I ) -phen 
species  (Stucki ,  1981) .  These  problems seem to  be  a t  a  minimum when 1)  
a  s t rongly-complexing chromogen such as  phen ( log K = 21 .5)  i s  used in  
p lace  of  the  more  s t rongly-absorbing but  weakly-complexing chromogens  
such as  fer rozine  [ log K = 15 .9  (Thompson and Mot tola ,  1984)] ,  2)  the  
samples  are  kept  under  red  l ight  af ter  addi t ion of  the  chromogen 
(Stucki ,  1981) ,  3)  a  ca t ion-masking agent  (e .g . ,  c i t ra te)  i s  used,  and 
4)  the  pH of  the  solut ion i s  near  the  pK^ of  the  chromogen a t  the  t ime 
absorbance i s  measured (Schi l t ,  1967) .  The method of  Stucki  (1981)  
seems to  offer  the  bes t  precis ion and accuracy of  the  spect rophotometr ic  
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Fe(II )  methods  for  s i l ica te  minera ls  and has  the  bonus  tha t  
determinat ions  of  to ta l  Fe and Fe(I I I )  (by d i f ference)  can a lso  be made 
on the  same d iges t .  A recent  modif ica t ion,  involving the  use  of  a  
mercury vapor  lamp,  has  shor tened the  photoreduct ion s tep  in  the  to ta l  
Fe assay to  less  than 1  hour  ( J .  W. S tucki ,  Depar tment  of  Agronomy,  
Univers i ty  of  I l l inois ,  Urbana,  IL,  1987,  personal  communicat ion) ,  thus  
great ly  enhancing the  u t i l i ty  of  the  method.  
As an  a l ternat ive  to  the  sample-des t ruct ive  techniques  descr ibed so  
far ,  MBssbauer  spect roscopy may be  used to  assay the  Fe(I I ) /Fe(I I I )  
ra t io  of  the  in tac t  sample .  This  technique can reveal  valuable  
informat ion about  the  s t ructura l  environment  of  the  Fe in  the  sample  
(Goodman,  1980;  Hel ler -Kal la i  and Rozenson,  1981)  but  i s  not  very  
pract ica l  for  rout ine  Fe(I I )  determinat ions  because  of  the  s low and 
re la t ively  imprecise  nature  of  the  method.  In  addi t ion,  a  
sample-des t ruct ive  determinat ion of  to ta l  Fe must  be  made i f  the  redox 
values  are  to  be  repor ted  on a  mass  bas is .  For  samples  h igh in  sul f ides  
or  organic  mat ter ,  however ,  MHssbauer  spect roscopy may be  the  only  
appropr ia te  method.  
Choice  of  method 
As noted by Schafer  (1966)  and by Loveland (1988) ,  no s ingle  bes t  
method for  the  determinat ion of  Fe(I I )  in  s i l ica tes  exis ts .  The choice  
of  method should  depend on the  character is t ics  of  the  samples ,  the  
number  of  samples  expected,  the  precis ion and accuracy required,  and the  
avai labi l i ty  of  reagents ,  equipment  and fac i l i t ies .  A good match i s  
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obta ined when the  sample  i s  decomposed complete ly  and the  assay i s  
performed wi th  minimal  in ter ferences  and maximal  accuracy,  precis ion and 
speed.  In  genera l ,  the  bes t  resul ts  for  nonrefractory  samples  seem to  
be  obta ined when ac id-decomposi t ion i s  employed and the  Fe(I I )  assayed 
by the  s imul taneous  reduct ion of  a  mi ld  oxidant  or  by the  method of  
Stucki  (1981) .  
For  the  b iot i te  weather ing exper iments  in  Chapters  IV and VI ,  a  
very  precise  and re la t ively  fas t  method was  needed tha t  could  handle  the  
large  batches  of  homologous  mica  samples  tha t  were  produced.  Because  a  
h igh resolut ion spect rophotometer  was  not  readi ly  avai lable ,  severa l  
mi ld  oxidimetr ic  methods  were  examined to  see  i f  any matched these  
cr i ter ia .  
Methods  incorporat ing Cr(VI)  (Reichen and Fahey,  1962) ,  1(1)  
(Baner jee ,  1974) ,  I (V)  (Van Loon,  1965) ,  and V(V) (Wilson,  1955;  Wilson,  
1960;  Peters ,  1968)  as  mild  oxidants  were  examined.  In  the  method of  
Reichen and Fahey (1962) ,  the  wel l -known ins tabi l i ty  of  Cr^O^"^ in  hot  
HF so lut ions  (Sarver ,  1927;  Hey,  1941;  Peters ,  1968)  i s  countered by the  
presence or  addi t ion of  Fe(I I I )  to  these  solut ions .  Never theless ,  the  
precis ion of  the  method (Peters ,  1968;  Reichen and Fahey,  1962)  was  not  
su i table .  The I*C1" method of  Baner jee  (1974)  re l ies  on the  re tent ion 
of  Ig  by a  separa te  CCl^ phase  dur ing the  decomposi t ion,  and requires  
d iges t ion a t  room temperature  overnight  and v igorous  shaking of  the  
sample  dur ing the  f inal  t i t ra t ion.  The method i s  very  precise  
(Baner jee ,  1974) ,  but  i t  i s  not  fas t  and seemed a  b i t  cumbersome dur ing 
the  t i t ra t ion s tep .  The VO^" and 10^"  methods  a lso  seem to  give  very  
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precise  resul ts .  The VO^" methods ,  however ,  recommend overnight  
d iges t ions .  The 10^"  method,  a l though decomposing the  sample  rapidly ,  
involves  boi l ing in  open Er lenmeyer  f lasks  and thus  may be  inconvenient  
for  large  batches  of  samples .  In  shor t ,  none of  the  mild  oxidimetr ic  
methods  tha t  were  examined fu l ly  sa t is f ied  the  cr i ter ia  for  speed,  
precis ion and batch analys is .  The VO^" method of  Peters  (1968) ,  
however ,  i s  very  precise  and wel l -sui ted  for  batch analys is ,  and seemed 
to  offer  the  bes t  oppor tuni ty  for  modif ica t ion.  
In  th is  chapter ,  then,  laboratory  inves t igat ions  of  Peters '  VO^" 
method for  Fe(I I )  (1968) ,  some improvements  in  the  precis ion and 
rapidi ty  of  the  method,  and one poss ible  source  of  er ror  that  may apply  
to  o ther  oxidimetr ic  methods  when HF i s  used to  decompose the  sample  are  
repor ted .  
Exper imenta l  
Reagents  
Al l  reagents  used in  th is  s tudy were  of  A.C.S.  reagent  grade 
qual i ty  or  bet ter .  
Acid  matr ix  reagents  Hydrof luor ic  ac id  (48%) was  used 
d i rec t ly  from the  bot t le .  Stock solut ions  of  1 :3  HgSO^ (4 .5  M) and 1 :3  
HgPO^ (3 .7  M) were  prepared by d i lu t ion of  the  concentra ted  ac ids  wi th  
deionized HgO and subsequent  cool ing to  room temperature  pr ior  to  use .  
A HgBOg-satura ted solut ion was prepared by adding 110 g  of  H^BOg to  2  
l i te rs  of  HgO,  heat ing unt i l  the  H^BOg had complete ly  d issolved,  and 
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then a l lowing the  solut ion to  cool  overnight .  The sa tura ted supernatant  
solut ion was t ransferred to  a  manual  d ispensing bot t le  and d i lu ted  
s l ight ly  wi th  deionized HgO to  prevent  recrys ta l l  iza t ion.  
Oxidimetr ic  reagents  A 0 .030 M V(V) so lut ion was prepared by 
weighing 7 .00 g of  NH^VOg in to  a  2- l i ter  volumetr ic  f lask  and d issolving 
and d i lu t ing to  volume wi th  s tock 1 :3  HgSO^ so lut ion.  A 0 .031 M Fe(I I )  
solut ion was prepared s imi lar ly  from 24.0  g of  FefNH^jgfSO^jg 'GHgO.  The 
V(V) was  s tandardized by t i t ra t ing a  known amount  of  pr imary-s tandard 
grade fer rous  e thylenediammonium sul fa te  (FES) .  
Endpoint  indicator  An approximately  0 .006 ^  solut ion of  
p-diphenyl  aminesulfonate  was  prepared by d issolving 0 .1  g of  the  Ba sa l t  
in  100 ml  of  HgO.  Eight  drops  of  th is  solut ion,  or  the  Na so lut ion 
(prepared by t rea t ing the  Ba so lut ion wi th  a  s l ight  excess  of  NagSO^ and 
f i l te r ing off  the  BaSO^ precipi ta te) ,  were  added as  an indicator  dur ing 
the  t i t ra t ions .  When in  the  reduced s ta te ,  the  indicator  was  color less  
turning to  pale  green near  the  endpoint  whereas ,  when oxidized (E > 
+0.84 V) ,  an  in tense  purple  color  could  be  observed.  
Apparatus  
The d iges t ions  were  performed in  100-ml  polypropylene beakers  wi th  
l ids  (Peters ,  1968)  or  in  125-ml  polypropylene bot t les  wi th  screw caps .  
During the  sample  decomposi t ion process ,  the  d iges t ion vessels  were  
par t ly  immersed in  a  water  bath  and kept  upr ight  by a  p lexiglass  cover  
wi th  holes  dr i l led  to  the  diameter  of  the  vessels .  Acid  matr ix  reagents  
(HP,  HgPOg,  and H^BOg) were  added us ing var ious  types  of  manual  
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dispensers .  The oxidimetr ic  reagents  [V(V) and Fe(I I ) ]  were  added 
e i ther  by Class  A volumetr ic  p ipet  or  by manual  d ispenser .  In  the  
la t ter  ins tance ,  the  amount  added was  determined gravimetr ica l ly  us ing a  
top- loading balance  wi th  1-mg precis ion.  For  a l l  t i t ra t ions  with  V(V),  
a  10-ml  microburet  wi th  0 .02-ml  graduat ions  was  used and readings  were  
es t imated to  the  neares t  0 .01 ml .  
Mineral  samples  
Five  mica  samples  and samples  of  basal t ,  grani te  and per idot i te  
were  analyzed in  the  course  of  tes t ing and developing the  method.  Three  
of  the  mica  samples  were  in-house  samples  prepared by dry-gr inding in  a  
Waring b lender  and separa t ing the  d i f ferent  s ize-f rac t ions  by 
sedimenta t ion in  HgO.  These  in-house  samples  were  a  Muscovi te  f rom 
Eff ingham Township ,  Ontar io ,  Canada (Muse 3A,  < 50  j im) ,  a  b io t i te  from 
Bancrof t ,  Ontar io ,  Canada (Biot  lA,  < 50  wm),  and a  fer roan b iot i te  
or ig inal ly  descr ibed as  a  " lepidomelane"  f rom Faraday Township ,  Ontar io ,  
Canada (L 'ane  3B,  10-20 um).  The remaining f ive  samples  were  
geochemical  reference  specimens .  These  include two micas  (MICA Fe and 
MICA Mg) f rom the  CRPG reference  col lec t ion (suppl ied  by Geostandards ,  
Vandoeuvre-Nancy,  France)  and the  basal t  (BCR-1,  sp l i t  57) ,  grani te  
(G-2,  sp l i t  89)  and per idot i te  (PCC-1,  sp l i t  23)  f rom the  USGS reference  
col lec t ion.  
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Methods  
For  reference ,  the  Fe(I I )  method of  Peters  (1968)  i s  summarized in  
the  next  paragraph.  The resul ts  of  the  inves t igat ion of  th is  method and 
the  modif ica t ions  that  were  made to  i t  are  descr ibed in  the  sect ion that  
fo l  1ows.  
Peters '  method (1968)  involves  p lacing weighed samples  conta ining 
15-20 mg FeO in to  100-ml  p las t ic  beakers  and then adding 20.00 ml of  
0 .03 M NH^VOg ( in  0 .5  M HgSO^)  by volumetr ic  p ipet ,  20 ml  of  1 :3  HgSO^ 
and 5  ml  of  48% HF.  The beakers  are  covered and par t ly  immersed in  a  
water  bath  a t  85°C for  1 .5  hours .  After  s t i r r ing the  contents  of  the  
beakers  wi th  a  tef lon rod,  the  thermosta t  of  the  water  bath  i s  lowered 
to  65°C and the  beakers  le f t  to  diges t  overnight .  The next  day,  the  
beakers  are  removed f rom the  water  bath  and a l lowed to  cool  to  room 
temperature  before  quant i ta t ively  t ransferr ing thei r  contents  to  300-ml  
Er lenmeyer  f lasks  conta ining 10 ml of  1 :3  H^PO^.  The d iges ta tes  are  
d i lu ted  to  about  150 ml  wi th  HgO and,  a f ter  adding a  few drops  of  a  0 .06 
M d iphenylamine-conc.  HgSO^ indicator  solut ion,  are  t i t ra ted  with  a  
0 .031 M Fe(NH^)2(S0^)2 solut ion (prepared in  HgO) unt i l  an  apple  green 
endpoint  i s  observed.  The d iges ta tes  are  then backt i t ra ted  wi th  0 .03 M 
NH^VOg unt i l  a  permanent  purple  color  i s  observed.  
Resul ts  and Discuss ion 
Pre l iminary  inves t igat ions  of  Peters '  method and a  review of  the  
l i te ra ture  associa ted  wi th  V(V) methods  in  general  led  to  three  minor  
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changes  in  the  procedure .  F i rs t ,  125- tnl  polypropylene bot t les  were  
subst i tu ted  for  the  100- tnl  beakers  used by Peters .  The advantages  to  
th is  are  a  larger  capaci ty  that  a l lows diges t ion and t i t ra t ion in  the  
same vessel ,  and a  t ight  seal  tha t  minimizes  s i l ica  vola t i l iza t ion and 
a ids  the  decomposi t ion process  by mainta ining a  h igher  pressure  in  the  
vessel .  Second,  the  0 .03 M NH^VOg so lut ion was prepared in  4 .5  M (1 :3)  
HgSOg and 20 ml  of  th is  combined VfVj-HgSO^ solut ion was added to  the  
d iges t ion vessel  ra ther  than separa te  20-ml  addi t ions  of  each reagent  as  
suggested by Peters .  Besides  decreas ing the  volume of  the  d iges t  and 
e l iminat ing a  s tep  in  the  procedure ,  th is  modif ica t ion has  the  advantage 
of  s lowing the  oxidat ion of  V(IV)  by Og because  of  the  higher  ac id  
concentra t ion mainta ined in  the  d iges t  (Whipple ,  1974) .  The th i rd  
modif ica t ion made was  the  subst i tu t ion of  a  p-diphenylaminesulfonate  
indicator  solut ion for  the  diphenyl  amine solut ion recommended by Peters .  
The sul fonate  indicator  was  used by Wilson (1955;  1960)  and,  as  noted by 
Sarver  and Kol thoff  (1931) ,  develops  color  a lmost  ins tantaneously  in  
ac idic  V(V) so lut ions  and g ives  a  br ight ,  sharp  and revers ib le  endpoint .  
In  contras t ,  d iphenyl  amine i s  much less  soluble ,  g ives  a  less  d is t inct  
endpoint ,  i s  s low to  react  wi th  oxidants  and has  a  tendency to  
precipi ta te  when oxidized (Sarver  and Kol thoff ,  1931;  Diehl ,  1974) .  
Standardizat ion of  reagents  
For  any t i t r imetr ic  method,  the  analyt ica l  condi t ions  under  which 
the  reagents  are  used should  approximate  as  c losely  as  poss ible  the  
condi t ions  under  which they are  s tandardized.  An examinat ion.  
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therefore ,  of  the  precis ion wi th  which s tandardizat ion can be  achieved 
under  a  var ie ty  of  condi t ions  should  indicate  the  bes t  condi t ions  to  
s t r ive  for  when the  reagents  are  used to  assay Fe(I I )  in  unknown 
samples .  
In  th is  por t ion of  the  inves t igat ion,  the  ef fects  of  d i f ferent  
amounts  of  HgSO^,  H^PO^,  and HP on the  s tandardizat ion of  NH^VOg 
(prepared in  0 .5  M HgSO^)  agains t  pr imary-s tandard grade FES were  
examined.  In i t ia l ly ,  a  2 .0  M HgSO^-l .Z M HgPO^ s tock solut ion was 
prepared for  use  as  a  t i t ra t ion matr ix  [a  mixture  suggested by Vogel  
(1961,  p .  282)  for  s tandardizat ion of  KMnO^ agains t  FES] .  Af ter  
accurate ly  weighing between 0 .0900 and 0 .1000 g of  FES in to  125-ml  
Er lenmeyer  f lasks ,  a  t i t ra t ion matr ix  solut ion conta ining 10,  20,  30,  
40,  50 or  60 ml  of  the  HgSO^-HgPO^ s tock solut ion d i lu ted  wi th  HgO to  60 
ml  was  added and the  solut ion was s t i r red  unt i l  the  FES had d issolved.  
Immediate ly  a f ter  d issolut ion of  the  FES,  8  drops  of  Na 
p-diphenylaminesul  fonate  indicator  solut ion were  added and the  solut ion 
was t i t ra ted  with  0 .03 M NH^VOg unt i l  a  b lue-purple  endpoint  was  
reached.  Three  FES samples  were  t i t ra ted  for  each level  of  ac id  in  the  
t i t ra t ion matr ix .  From the  equivalent  weight  of  the  FES,  the  apparent  
normal i ty  of  the  V(V) t i t rant  was ca lcula ted .  A ser ies  of  blanks  that  
conta ined no FES were  a lso  run in  dupl ica te  a t  each level  of  ac id  and 
were  used to  ca lcula te  corrected values  of  the  V(V) normal i ty .  The 
means  of  these  determinat ions  are  shown in  Figure  I I - l .  
When the  data  were  not  corrected for  b lanks ,  a  l inear  increase  in  
the  apparent  normal i ty  of  the  V(V) so lut ion was observed in  response  to  
FIGURE I I - l .  Apparent  normal i ty  of  a  V(V) so lut ion when s tandardized 
agains t  FES in  60-ml  so lut ions  conta ining d i f ferent  
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la rger  amounts  of  ac id  in  the  t i t ra t ion matr ix .  In  contras t ,  a  decrease  
in  apparent  V(V) normal i ty  was  observed when the  data  were  corrected for  
blank solut ions .  More important ly ,  a  constant  value  for  the  normal i ty  
of  the  V(V) so lut ion was not  obta ined in  e i ther  ins tance  unless  a t  leas t  
40 ml ,  and preferably  50 ml of  the  acid  mixture  were  present  in  the  
t i t ra t ion matr ix .  Clear ly ,  the  pH or  ionic  s t rength  of  the  solut ion has  
an  ef fec t  on the  locat ion of  the  endpoint .  These  resul ts  suggest  tha t  
the  most  precise  data  are  obta ined in  t i t ra t ion matr ices  that  are  
s imi lar  in  composi t ion and concentra t ion to  the  undi lu ted s tock acid  
solut ion and that  even higher  concentra t ions  of  th is  ac id  mixture  would 
pose  l i t t le  problem.  
Next ,  the  ef fects  of  HF addi t ion on the  locat ion and c lar i ty  of  the  
endpoint  were  examined.  For  th is  and the  remaining s tudies ,  a  t i t ra t ion 
matr ix  consis t ing of  40 ml  1 :3  HgSO^ (4 .5  M) and 20 ml  1 :3  H^PO^ (3 .7  M) 
was  used because  these  concentra t ions  corresponded to  the  amounts  added 
in  Peters '  method and gave the  same resul ts  as  60 ml  of  the  s tock acid  
solut ion shown in  Figure  I I - l .  Amounts  of  HF ranging from none to  5  ml 
were  added to  th is  t i t ra t ion matr ix ,  and then,  as  before ,  dupl ica te  
0 .1000-g samples  of  FES were  d issolved in  the  matr ix  and t i t ra ted  with  
V(V) so lut ion.  The apparent  normal i ty  of  the  V(V) so lut ion decreased 
s l ight ly  as  the  amount  of  HF added increased.  The c lar i ty  and s tabi l i ty  
of  the  endpoint ,  which was  excel lent  when less  than 3  ml of  HF was  
added,  decreased considerably  when 5  ml  of  HF were  present .  
I t  seemed,  therefore ,  tha t  the  precis ion of  the  method was  greates t  
when less  than 3  ml of  unreacted HF (approximately  1 .3  M HF)  were  
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present  in  the  t i t ra t ion matr ix .  One way of  meet ing th is  goal  would  be  
to  l imi t  the  or ig inal  amount  of  HF added dur ing the  diges t ion s tage .  
This  choice ,  however ,  might  s low the  dissolut ion of  the  minera l  and thus  
lengthen the  t ime required for  the  method,  so  i t  was  not  pursued.  A 
second opt ion would be  to  d i lu te  the  HF,  as  Peters  d id ,  but  th is  would 
require  t ransfer  of  the  d iges t  to  a  larger  f lask  for  t i t ra t ion and the  
addi t ion of  very  large  quant i t ies  of  HgSO^ and HgPO^ i f  the  benef i t s  of  
h igh ac id  concentra t ions  were  to  be  rea l ized.  A th i rd  opt ion would be  
to  complex some of  the  f ree  F(- I )  ions  remaining af ter  the  diges t ion 
s tep  by the  addi t ion of  HgBOg,  BeClg or  AlClg,  so  that  a  concentra t ion 
of  approximately  1 .3  M HF would  be  present  dur ing the  t i t ra t ion s tep .  
The th i rd  opt ion was  pursued in  the  hopes  tha t  the  d i lu t ion caused 
by the  addi t ion of  the  f luor ide-complexing reagent  would be  smal l  enough 
that  fur ther  addi t ions  of  HgSO^ and HgPO^ would  not  be  necessary .  An 
exper iment  was  conducted in  which 0 ,  10,  20 and 30 ml  of  H^BOg-satura ted 
solut ion were  added to  a  t i t ra t ion matr ix  solut ion that  conta ined 40 ml  
of  1 :3  HgSO^,  20 ml  of  1 :3  HgPO^ and 5  ml  of  HF.  These  levels  of  H^BOg 
corresponded to  f ree  F(- I )  levels  in  the  undi lu ted t i t ra t ion matr ix  
solut ion of  5 ,  3 .3 ,  1 .9  and 0 .9  ml HF,  respect ively ,  assuming 
quant i ta t ive  react ion and 0 .9  M H^BOg.  As before ,  th is  solut ion was 
used to  d issolve  dupl ica te  samples  of  0 .1000 g FES and these  were  
t i t ra ted  with  the  V(V) so lut ion.  
The t i t ra t ions  in  which 0 ,  10 and 20 ml of  H^BOg were  added y ie lded 
a  constant  value  for  the  apparent  normal i ty  of  the  V(V) so lut ion and 
showed an increase  in  the  c lar i ty  of  the  endpoint  as  the  HgBOg levels  
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increased.  At  the  30-ml  level  of  HgBOg,  however ,  the  V(V) t i te r  was 
somewhat  h igher  (0 .3%) and the  endpoint  was  not  as  c lear  as  a t  20 ml .  
The opt imal  value  thus  seems to  be a t  approximately  20 ml  of  H^BOg 
added,  when 5  ml  of  HF a re  used to  decompose the  sample  and 60 ml  of  the  
HgSOq-HgPO^ solut ion are  present .  
Given the  c lar i fy ing effects  of  a  low concentra t ion of  f ree  F(- I )  
ions  on the  t i t ra t ion endpoint ,  a  check was  made to  see  whether  the  
addi t ion of  the  H^PO^ was  necessary  when the  F(- I )  ions  were  a lso  
present .  A t i t ra t ion of  FES in  the  HgSO^-HF-HgBOg matr ix ,  wi th  and 
wi thout  20-ml  of  HgPO^ added,  showed tha t  the  HgPO^ was  s t i l l  required 
to  achieve a  c lear  endpoint .  
For  careful  work,  an  in i t ia l  ca l ibra t ion of  the  FES pr imary 
s tandard may be  necessary .  This  potent ia l  problem was not iced when two 
d i f ferent  batches  of  FES,  each s ta t ing 99.9% pur i ty ,  gave V(V) t i te rs  
that  d i f fered by about  0 .3%.  Fur ther  inves t igat ion by the  method of  
s tandard addi t ions  showed the  pur i ty  of  one batch to  be 99.6% and the  
o ther  only  99.3%.  Aside  f rom the  pur i ty  problems,  FES has  the  o ther  
prerequis i tes  for  an excel lent  pr imary s tandard,  namely s tabi l i ty ,  high 
equivalent  weight  and s to ichiometr ic  react ion,  and i s  probably  super ior  
to  fer rous  ammonium sul fa te  hexahydrate  as  a  Fe(I I )  s tandard.  The 
recommended method of  ca l ibra t ion involves  careful  prepara t ion of  a  
KgCrgO? pr imary s tandard solut ion and a  0 .001 M (0 .002 N) so lut ion of  
the  sodium diphenylaminesulfonate  indicator .  The FES (0 .1000 g)  i s  
dissolved in  the  usual  t i t ra t ion matr ix  and t i t ra ted  with  the  Cr(VI)  
so lut ion af ter  0 .3 ,  0 .6 ,  0 .9  or  1 .2  ml of  indicator  solut ion i s  added.  
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Correct ion of  the  resul ts  for  the  nominal  normal i ty  of  the  indicator  
solut ion ( i .e . ,  an ext rapola t ion to  0  ml of  indicator  solut ion added)  
should  y ie ld  a  consis tent  value  for  the  equivalent  weight  of  the  FES.  
In  the  author ' s  exper ience ,  t r ip l ica te  determinat ions  a t  each level  of  
indicator  solut ion have y ie lded an overa l l  mean value  for  the  FES 
equivalent  weight  wi th  a  re la t ive  er ror  of  about  0 .1%.  
The conclus ions  drawn f rom these  reagent  s tandardizat ion s tudies  
are  that  the  pur i ty  of  the  pr imary s tandard and the  composi t ion of  the  
t i t ra t ion matr ix  have important  e f fec ts  on the  t i t ra t ion resul ts ,  and 
tha t  the  same t i t ra t ion matr ix  should  be  used for  s tandardiz ing the  V(V) 
so lut ion as  for  assaying the  Fe(I I ) .  The opt imal  matr ix  solut ion for  
t i t ra t ion of  d iges ts  conta ining 5  ml of  HF seems to  be  one conta ining 40 
ml  of  1 :3  HgSOg,  20  ml  of  1 :3  HgPO^ and 20 ml  of  0 .9  M ( sa tura ted)  
HgBOg.  For tunate ly ,  th is  quant i ty  of  solut ion i s  smal l  enough that  
the  diges t ion and t i t ra t ion can be  performed in  the  same 125-ml  
conta iner ,  an  advantage that  improves  precis ion and saves  t ime.  
Modif ica t ions  to  the  assay procedure  
Several  aspects  of  Peters '  procedure  were  inves t igated to  see  i f  
improvements  could  be  made in  speed and precis ion.  One aspect  mer i t ing 
considera t ion was the  manner  of  measur ing and del iver ing known amounts  
of  reagents .  Because  much of  the  exper imenta l  e r ror ,  t ime and,  
cer ta in ly ,  tedium in  Peters '  method i s  associa ted  wi th  the  volumetr ic  
addi t ions  of  V(V) and Fe(I I ) ,  gravimetry  was  inves t igated as  another  way 
of  quant i fy ing these  s to ichiometr ic  reagents .  The procedure  involved 
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weighing 0 .1000-g samples  in to  125-ml  polypropylene bot t les ,  tar ing the  
bot t les  on a  top- loading balance  ( to  1  mg precis ion) ,  adding 20 ml  of  
V(V) (0 .0300 M NH^VOg in  4 .5  M HgSO^) ,  and reweighing the  bot t les  
immediate ly  before  adding 5  ml  of  HF.  The t ight ly-capped bot t les  were  
incubated in  a  water  bath  a t  60°C for  4  hours  (24 hours  for  PCC-1 
samples) ,  removed and a l lowed to  s tand in  a  shal low t ray  of  cold  water  
unt i l  they had cooled to  room temperature .  The caps  were  removed,  any 
condensate  on them r insed in to  the  bot t les  wi th  H^O,  and then 20 ml each 
of  HgBOg-satura ted solut ion and of  1 :3  HgPO^ were  added to  the  bot t les .  
The bot t les  were  then individual ly  tared on the  balance ,  20 ml  of  Fe(I I )  
solut ion [0 .0310 M Fe(NH^)2(S0^)2 in  4 .5  M HgSO^]  were  added and the  
bot t les  reweighed.  Immediate ly  a f ter  adding e ight  drops  of  the  
p-diphenylaminesulfonate  indicator  solut ion,  the  contents  were  t i t ra ted  
with  the  same V(V) so lut ion to  a  def in i te  purple  endpoint  us ing a  10-ml  
microburet .  The analyses  were  performed on s ix  reference  samples  and 
were  repl ica ted f ive  t imes .  During th is  exper iment ,  the  addi t ions  of  
V(V) and Fe(I I )  solut ions  were  made to  tared bot t les  us ing a  20-ml  
volumetr ic  p i  pe t ,  a f ter  which the  bot t les  were  weighed again .  Thus ,  the  
amount  of  each reagent  added was  quant i f ied  by both  a  volumetr ic  and a  
gravimetr ic  method.  To compare  the  precis ion of  the  volumetr ic  and 
gravimetr ic  methods ,  two se ts  of  ca lcula t ions  were  made for  each 
sample--one us ing the  20.00-ml  value  for  the  volumetr ic  addi t ions ,  and a  
second one us ing the  gravimetr ic  values .  In  order  to  conver t  
gravimetr ic  values  to  volumetr ic  uni ts ,  the  densi t ies  of  the  V(V) and 
Fe(I I )  solut ions  were  determined by weighing 100 ml in  a  tared 
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volumetr ic  f lask .  The precis ion associa ted  wi th  each manner  of  addi t ion 
i s  shown in  Table  I I - l .  
As shown by the  lower  means  obta ined for  the  s tandard and re la t ive  
er rors ,  the  precis ion of  the  gravimetr ic  method was  s l ight ly  bet ter  than 
that  of  the  volumetr ic  method.  For  the  PCC-1 samples ,  however ,  the  two 
methods  had essent ia l ly  ident ica l  precis ion,  and for  the  lepidomelane 
samples  be t ter  precis ion was obta ined wi th  the  volumetr ic  method.  A 
s ta t i s t ica l  compar ison (pai red  t - tes t )  of  the  precis ion of  the  two 
methods ,  however ,  showed no s ignif icant  d i f ferences  a t  the  0 .05 level .  
Thus ,  wi th  precis ion as  the  sole  cr i ter ion,  the  volumetr ic  and 
gravimetr ic  methods  a re  very  s imi lar .  The two methods ,  however ,  a re  
c lear ly  dis t inguished in  terms of  the  t ime required and the  tedium 
involved.  The gravimetr ic  method i s  preferred because  i t  a l lows the  
rapid  addi t ion of  the  reagent  by a  manual  d ispenser  and thus  avoids  the  
tedious  and t ime-consuming p ipet t ing of  the  volumetr ic  method whi le  
providing equal  or  s l ight ly  bet ter  precis ion.  
Another  aspect  of  Peters '  method inves t igated was the  d iges t ion 
procedure .  Ear l ier  repor ts  (Siever ts  and MUller ,  1928;  Schulek e t  a l . ,  
1961)  demonstra ted  the  ins tabi l i ty  of  the  V(V)/V(IV)  couple  in  boi l ing 
HgSO^ (43 to  98%) so lut ions .  The author ' s  exper ience  wi th  Peters '  
method suggested that  the  V(V)/V(IV)  couple  was  not  complete ly  s table  
even in  the  re la t ively  d i lu te  HF-HgSO^ matr ix  in  the  65-85°C temperature  
range.  On the  other  hand,  Wilson (1955,  1960)  repor ted  excel lent  
s tabi l i ty  of  the  V(V) so lut ions  in  40% HP a t  room temperature .  To 
ver i fy  the  condi t ions  under  which a  s table  V(V) t i t re  could  be  obta ined.  
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TABLE I I - l .  A compar ison of  the  precis ion obta ined in  Fe(I I )  
determinat ions  of  s ix  reference  samples  when the  amounts  of  
the  redox reagents  added were  es t imated by a  volumetr ic  or  
a  gravimetr ic  method 
Mineral  n  
S tandard Error  Rela t ive  Error  
Volumetr ic  Gravimetr ic  Volumetr ic  Gravimetr ic  
% FeO 1
 1 1 1 1 1 1 1 1 1 1 
B io t  lA* 4  0 .126 0 .079 0 .73 0 .45 
(5)  (0 .315)  (0 .273)  (1 .84)  (1 .59)  
L 'ane  3B* 3  0 .032 0 .051 0 .15 0 .27 
(5)  (0 .949)  (0 .962)  (5 .15)  (5 .23)  
BCR-1 5  0 .087 0 .062 0 .97 0 .66 
Muse 3A 5  0 .028 0 .012 1 .79 0 .76 
G-2 5  0 .022 0 .016 1 .34 1 .17 
PCC-1 5  0 .022 0 .022 0 .40 0 .42 
Mean -- 0.053 0 .040 0 .90 0 .62 
®Data  wi th  out l iers  are  shown in  parentheses .  
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dupl ica te  samples  of  lepidomelane were  d iges ted a t  temperatures  of  25,  
40,  60 and 85°C for  t ime per iods  as  long as  48 hours  before  t i t ra t ing 
for  Fe(I I ) .  A s imi lar  exper iment  wi th  samples  of  FES d iges ted a t  one 
temperature  (60°C)  was  a lso  conducted.  Dupl ica te  samples  were  analyzed 
in  each ins tance ,  except  for  the  lepidomelane a t  60°C,  where  four  
repl ica t ions  were  run.  For  a l l  determinat ions ,  the  modif ied  method 
involving gravimetr ic  measurements  of  reagents  (descr ibed in  the  f i rs t  
paragraph of  th is  subsect ion)  was  used.  
The resul ts  of  th is  ser ies  of  determinat ions  are  shown in  Figure  
I I -2  and are  presented on a  re la t ive  scale  because  of  the  s l ight ly  
d i f ferent  equivalent  weights  of  lepidomelane and FES (383.3  and 384.85 g  
eq"^ ,  respect ively) .  The in i t ia l  Fe(I I )  values  for  the  readi ly  soluble  
lepidomelane were  taken f rom determinat ions  of  0 .5-hour  d iges ts  a t  60°C,  
whereas  for  FES the  in i t ia l  value  was  ca lcula ted  from the  ca l ibra ted  
equivalent  weight  of  the  s tandard.  
The d iges t ions  a t  85°C c lear ly  resul ted  in  low Fe(I I )  va lues ,  even 
when l imi ted  to  per iods  of  1  hour .  At  60°C,  the  lepidomelane samples  
showed a  s l ight  loss  of  t i te r  in  the  f i rs t  24 hours ,  whereas  the  FES 
samples  were  essent ia l ly  unchanged.  Af ter  24 hours ,  however ,  both  
samples  showed a  marked decl ine  in  the  Fe(I I )  measured,  s imi lar  to  the  
85°C t rea tment .  The values  obta ined a t  25 and 40°C were  essent ia l ly  
constant  and suggest  tha t  the  s tabi l i ty  of  V(V) under  these  condi t ions  
i s  excel lent .  The re la t ive  er rors  associa ted  wi th  these  data  a lso  
showed a  s imi lar  t rend wi th  d iges t ion temperature .  For  example ,  the  
mean of  the  re la t ive  er rors  associa ted  wi th  the  1-  and 6-hour  per iods  
FIGURE I I -2 .  Fe(I I )  va lues ,  expressed as  a  percentage of  " in i t ia l  
values" ,  tha t  were  obta ined by the  modif ied  gravimetr ic  
method when lepidomelane and FES samples  were  d iges ted a t  
var ious  temperatures  and for  var ious  t ime per iods  
Fed I) MEASURED (% OF INITIAL) 
t£ 
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for  the  25°C samples  was  0 .11%, whereas  a t  40,  60 and 85®C,  the  
comparable  values  were  0 .15,  0 .14 and 0 .28%, respect ively .  The 
conclus ions  drawn here  are  1)  lower  d iges t ion temperatures  improve 
s tabi l i ty  of  the  V(V) t i te r ,  2)  d iges t ions  a t  85°C are  unsui table  
regardless  of  how shor t  the  t ime per iod,  and 3)  the  most  pract ica l  
d iges t ion temperature  i s  near  60°C where  sample  decomposi t ion occurs  
more  rapidly  than a t  the  lower  temperatures  and wi th  minimal  loss  of  
precis ion or  accuracy dur ing the  f i rs t  24 hours .  
In ter ferences  and Correct ions  
Al though the  data  in  Figure  I I -2  ident i fy  the  maximum acceptable  
t ime per iods  for  d iges t ions  a t  d i f ferent  temperatures ,  they a lso  suggest  
tha t  the  diges t ion t ime should  be  minimized whenever  poss ible .  In  a  
s imi lar  exper iment  wi th  1 .2-g  samples  of  muscovi te ,  however ,  near ly  
opposi te  resul ts  were  obta ined.  The h ighest  Fe(I I )  values  were  obta ined 
a t  85°C af ter  48 hours  and there  was no common p la teau among the  var ious  
temperature  t rea tments  to  indicate  the  " t rue"  Fe(I I )  content  of  the  
sample .  These  data  suggested that  complete  d issolut ion of  the  muscovi te  
was  not  occurr ing,  poss ibly  as  a  resul t  of  the  large  sample  s ize  [1 .2-g  
samples  being needed to  provide  about  the  same amount  of  Fe(I I )  for  
analys is  as  the  0 .1-g  samples  of  lepidomelane] .  To check the  ef fect  of  
sample  s ize ,  the  exper iment  was  repeated wi th  0 .2-g  muscovi te  samples  a t  
60°C.  The resul ts  of  the  t ime s tudies  a t  60°C for  the  0 .2-  and 1 .2-g  
muscovi te  samples  and the  0 .1-g  lepidomelane samples  are  p lot ted  on a  
re la t ive  scale  in  Figure  I I -3 .  As in  Figure  I I -2 ,  the  reference  value  
FIGURE 11-3.  Fe(I I )  va lues ,  expressed as  a  percentage of  the  "bes t  
values" ,  tha t  were  obta ined by the  modif ied  gravimetr ic  
method when lepidomelane and muscovi te  samples  were  
d iges ted a t  60°C for  var ious  t ime per iods  
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for  the  lepidomelane samples  was  tha t  obta ined af ter  0 .5  hours  of  
d iges t ion.  The 1 .2-g  muscovi te  samples  showed no evidence of  a  p la teau 
region,  but  the  0 .2-g  samples  y ie lded the  same resul t  a t  12 and 24 
hours .  Consequent ly ,  th is  value  was  chosen as  the  bes t  reference  value  
for  both  se ts  of  muscovi te  data  in  Figure  I I -3 .  
In  contras t  to  the  lepidomelane samples ,  both  se ts  of  muscovi te  
samples  show the  ef fects  expected f rom s low dissolut ion.  The 0 .2-g  
samples ,  however ,  seemed to  be  complete ly  d issolved af ter  12 hours ,  
whereas  the  1 .2-g  samples  a l though they seemed to  have d issolved af ter  
24 hours  (v isual  inspect ion) ,  d id  not  y ie ld  a  constant  value .  With  
longer  t ime per iods ,  the  1 .2-g  samples  gave considerably  higher  Fe(I I )  
values  than the  0 .2-g  samples .  After  24 hours ,  the  0 .2-g  sample  data  
a lso  displayed the  t rend towards  h igher  Fe(I I )  values  that  was  shown by 
the  1 .2-g  sample  da ta .  The data  for  the  0 .2-g  samples  provide  some 
indicat ion that  two d i f ferent  mechanisms may be  control l ing the  Fe(I I )  
va lues .  One of  these  mechanisms was ,  obviously ,  the  s low dissolut ion of  
muscovi te  (ver i f ied  by v isual  observat ion) .  The second mechanism could  
involve  a  s low re lease  of  Fe(I I )  f rom a  soluble  component  of  the  diges t  
(e .g . ,  a  recalc i t rant  complex) ,  or  the  s low complexat ion or  reduct ion of  
V(V) by the  diges t  to  give  an apparent  increase  in  the  Fe(I I )  values .  
Inasmuch as  the  muscovi te  and lepidomelane samples  d i f fer  chief ly  in  the  
amounts  of  A1 present  in  the i r  s t ructure  re la t ive  to  Fe,  i t  seems that  
A1 may be  causing problems by complexing wi th  Fe(I I )  or  V(V) or  by 
reducing V(V).  
To ver i fy  the  ro le  of  A1 in  th is  procedure ,  0 .1-g  samples  of  
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lepidomelane and 0 .2-g  samples  of  muscovi te  were  analyzed for  Fe(I I )  in  
the  presence of  f rom 0  to  37 mmol  A1,  which was  added as  25% AlClg 
immediate ly  a f ter  the  diges t ion per iod and before  the  addi t ion of  HgBOg 
and HgPO^.  In  a  separa te  exper iment ,  0 .1-g  samples  of  FES were  
analyzed for  Fe(I I )  in  the  presence of  f rom 0  to  5  mmol  A1 added as  
Al(OH)g a t  the  same t ime as  the  FES.  The e f fec t  of  AlClg on Fe(I I )  
values  was  n i l  in  the  f i rs t  exper iment .  The resul ts  of  the  second 
exper iment  are  shown in  Figure  11-4 .  
Clear ly ,  the  addi t ion of  A1 in  the  hydroxide  form great ly  depressed 
the  Fe(I I )  values  obta ined.  The e f fec t  was  even more  pronounced when 
the  A1 hydroxide  had not  complete ly  d issolved (as  determined by v isual  
inspect ion) .  This  observat ion,  combined wi th  the  absence of  any ef fect  
when soluble  A1 was  added,  impl ies  tha t  a  surface-re la ted  phenomenon i s  
involved.  Examples  of  such a  phenomenon would be  adsorpt ion of  vanadate  
or  complex fer rous  f luor ide  anions  by a  posi t ively  charged oxide  
surface .  
The propensi ty  of  Fe and A1 to  form s t rong f luor ide  complexes  
suggests  tha t  f luor ide  might  be  a  fac tor  in  the  A1 hydroxide  ef fec t .  I f  
so ,  then Mg and o ther  oxide-forming e lements  wi th  s imi lar  react iv i t ies  
to  f luor ide  might  a lso  show th is  ef fec t .  On the  o ther  hand,  e lements  
such as  Si  tha t  form vola t i le  f luor ides  would be  expected to  have the  
opposi te  ef fec t  on Fe(I I )  values .  To check on these  poss ibi l i t ies ,  
0 .1-g  samples  of  FES were  mixed wi th  var ious  amounts  of  Al(OH)g,  MgO 
or  SiOg'O.THgO and analyzed for  Fe(I I )  a f ter  diges t ion a t  60°C for  24 
hours  (Figure  I I -5) .  As before ,  A1 hydroxide  s t rongly  depressed the  
FIGURE I I -4 .  Fe(I I )  values  obta ined by the  modif ied  gravimetr ic  method 
when FES samples  were  d iges ted a t  60°C for  var ious  t ime 
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values obtained for Fe(II),  The addition of Mg oxide also lowered 
Fe(II) values, but to a lesser extent than A1 hydroxide. The hydrous Si 
oxide, however, increased the Fe(II) values slightly, presumably by the 
volatil ization of SiF^. These data support the premise that F(-I) ions 
are also involved in the mechanism that l imits the Fe(II) values. 
Other factors that could affect the Fe(II) data include the 
auxiliary acid (HgSO^), the oxidant i tself [V(V)],  and insufficient 
HgBOg to complex the F(-I).  To check on these possibili t ies several 
experiments involving the analysis of Fe(II) in FES were run with 0-1.5 
mmol of A1 hydroxide present.  In the f irst ,  analyses of FES-Al 
hydroxide samples were made following the same procedures as earlier 
except that 6 M HCl was substituted for the HgSO^ in the Fe(II) and V(V) 
solutions. In the second experiment,  0.03 N KgCrgOy was substituted for 
the V(V) oxidant and the analysis of the FES-Al hydroxide mixtures made 
after a 24-hour digestion. Unfortunately, the Cr(VI) completely 
decomposed during the digestion period so another attempt was made in 
which the samples were t i trated directly with Cr(VI) after a 25-minute 
digestion and addition of H^BOg and H^PO^. A third set of experimental 
analyses was conducted in which 60 to 150 ml of HgBOg-saturated solution 
or 3 g of solid H^BOg were added to the FES-Al hydroxide solutions after 
the digestion period. These experiments involving the addition of large 
amounts of H^BOg were performed with Cr(VI) as the oxidant,  except for 
the 60-ml addition, which was performed with the modified gravimetric 
V(V) procedure. The results of these HCl, Cr(VI) and HgBOg experiments 
were essentially the same as those obtained with the modified V(V) 
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method. In every instance, Fe(II) values were depressed drastically by 
the addition of A1 hydroxide. 
The exact nature of the A1 hydroxide-fluoride effect is not clear 
from these data.  The sorption phenomenon observed during the 
dissolution of A1 hydroxide (Figure 11-4) could suggest the formation of 
stable colloidal particles rather than complete ionic dissolution or i t  
could merely presage the formation of redox-stable Fe(II) or V{V) 
oxy-fluoride complexes once dissolution is complete.  The 
adsorbed/complexed species could be AlVOgF^ or MgVOgFg (Sharpe, 1954), 
but the observation that simple t i tration with Cr(VI) after the 
digestion period yields the same results as when V(V) is  present 
during the digestion period suggests that complexation of the oxidant 
may not be involved at all .  F1 uorochromates also form in HF solutions 
(Haszeldine and Sharpe, 1951), but the kinetics of complex formation, in 
this instance, must be very fast for the effect to be observed. 
The evidence against complexation of the oxidant by these 
solutions, thus, suggests that a sorption/complexation reaction 
involving A1 hydroxide, Fe(II) and F, and yielding AlFeFg" or a complex 
colloidal Al-Fe hydroxyfluoride occurs.  The propensity of A1 to form 
fluoride and hydroxy-fluoride complexes in solution is well-documented 
(Ryss, 1956, p.  580-617) and several complex aluminofluorate 
precipitates have been observed when aluminosi1icate minerals are 
dissolved in HF solutions (Langmyhr and Kringstad, 1966; Croudace, 
1980). I t  is l ikely, therefore, that a stable colloidal complex 
resembling the mineral ralstonite (Pabst,  1939; Pauly, 1965; Croudace, 
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1980) and having the general formula 
(K,Na)^[Mg,Fe(II)]^[Al ,Fe(III)](2.x)(^0H)6*"2° 
is responsible for the phenomenon. 
Assuming that the A1 coordinated to oxygen in aluminosilicate 
minerals behaves in a fashion similar to the Al hydroxide added in these 
experiments,  an accurate determination of Fe(II) would require an 
elimination of the Al hydroxide-fluoride effect.  An empirical approach 
to the situation is to correct the final Fe(II) results by various 
factors that compensate for the amounts of Al,  Mg and Si in the sample. 
The regression equations in Figure II-5 for the data obtained in the 
pure FES-Al hydroxide-Mg oxide-silica system under the conditions 
described above provide a means for doing so. Obviously, the difficulty 
in applying these corrections is that analytical data for the amounts of 
Al,  Mg and Si in the digest are needed, and one must assume that the 
same corrections apply to all  mineral samples analyzed. 
Another approach to the Al hydroxide-fluoride problem is to prevent 
the formation of the Fe{II)-oxyfluoride complex. This may be done by the 
addition of an alternative Fe(II) complexing agent,  such as phen, but 
also requires raising the pH to 3 or above for the alternative complex 
to form. An attempt to eliminate the Al-hydroxide interference in this 
manner failed due to the simultaneous decrease in the V(V) oxidation 
potential as the pH was raised. It  seems, however, that the Fe(II) 
complex formed with phen is  strong enough to eliminate the Al hydroxide 
effect.  Unpublished data (J.  W. Stucki,  Department of Agronomy, 
University of I l l inois,  Urbana, IL, 1986, personal communication) show 
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that additions of the same A1 hydroxide s,ample used in this work, as 
well as an Fe-free kaolinite sample, to ferrous ammonium sulfate 
standards had no effect on the Fe(II) values obtained when the 
1,10-phenanthroline method of Stucki (1981) was used. Thus, use of a 
spectrophotometric technique may be well-advised when interferences due 
to A1 are expected. 
Recommended method 
The following method is recommended for the determination of Fe(II) 
in non-refractory sil icate minerals,  based on the author's experience 
and the results of the investigations reported above. 
With an analytical balance carefully weigh samples containing no 
more than about 40 mg FeO (usually 0.1-0.2 g of sample) and transfer 
them into narrow-mouth 125-ml polypropylene bottles.  Tare the bottles 
on a top-loading balance (1-mg precision),  add 20 ml of a standardized 
solution of 0.0300 M NH^VOg in 1:3 HgSO^ from a manual dispensing device 
and reweigh. When all  bottles have been prepared, move them to a fume 
hood and add 5 ml of 48% HF to each with an all-plastic syringe pipet.  
Cap the bottles t ightly and float them in a 60°C water bath with the aid 
of a support to keep them upright.  After a suitable digestion period 
(0.5 to 4 hours for most samples, not to exceed 24 hours) remove the 
bottles from the water bath and let  them cool in a shallow pan of water 
placed in the air flow of the fume hood until  they reach room 
temperature (5-10 minutes).  Remove the caps and carefully rinse the 
insides of the caps into the bottles with a couple ml of HgO. With the 
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aid of manual dispensers add 20 ml of saturated H^BOg solution and 20 ml 
of 1:3 HgPO^ to each bottle.  Tare the bottles on the top-loading 
balance, add 20 ml of a solution of 0.0310 M in 1:3 HgSO^ 
and reweigh. Immediately before t i trating the samples with the 
standardized NH^VOg solution, add 8 drops of Na p-diphenylaminesulfonate 
indicator solution and a teflon-coated stirbar.  Titrate,  while 
stirring, to a permanent deep blue-purple endpoint with a lO-ml 
microburet.  With some practice and washing of the buret t ip with HgO, 
additions of as l i t t le as 0.01 ml of t i trant can be made, thus improving 
the precision of the method. 
For optimum results,  two sets of blanks need to be included in the 
analysis.  The f irst  set is to correct for slight decomposition of the 
V(V) during the digestion (especially important with long digestion 
periods).  These blanks include all  the reagents that are in the sample 
digests and follow the same procedure, but contain no sample. The 
second set of blanks is for standardizing the Fe(II) solution (which 
oxidizes slowly during storage) and should not be carried through the 
digestion step. These blanks include all  reagents except the V(V), for 
which 20 ml of 1:3 HgSO^ is substituted, contain no sample, and can be 
prepared while the regular samples and blanks are digesting and cooling. 
Similarly, to avoid errors due to evaporation and fluctuations in room 
temperature, the densities of the Fe(II) and V(V) solutions should be 
determined by weighing in a tared 100-ml volumetric flask. 
This modified method, based on earlier procedures described by 
Wilson (1955, 1960) and Peters (1968), was used to assay the Fe(II) 
46 
contents of five geochemical reference samples and three in-house mica 
reference samples. Two blocks of 5 subsamples from each reference 
sample were analyzed on separate days for a total of 10 replicates.  
Subsamples from most of the reference samples were analyzed in the same 
2 batches. The MICA Fe and MICA Mg subsamples, however, were analysed 
in a separate two days of runs. The Q test  at  the 0.90 level was used 
to reject any outlying data.  The results of these analyses (with and 
without outliers),  adjustments for the A1, Mg and Si contents of the 
minerals,  and recommended values from the l i terature are reported in 
Table II-2. 
The Fe(II) values obtained for the five geochemical reference 
samples compare well with recommended values in the l i terature (Abbey, 
1980). The overall  precision of the method was also very good. The 
highest relative errors (after rejection of outliers) were obtained for 
the Muscovite (0.88%), peridotite (0.80%), and granite (0.55%) samples, 
but these samples also had the lowest Fe(II) contents.  The 
trioctahedral mica and basalt  samples, on the other hand, yielded 
relative errors of less than 0.30%. 
Adjustments to the sample means to compensate for the A1, Mg and Si 
content of the samples increased the Fe(II) values by 1-4% for most 
samples. However, adjustments to the means of the muscovite and granite 
samples (which had the highest Al:Fe ratios) resulted in Fe(II) values 
that were 74 and 30% higher,  respectively, than the unadjusted values. 
The validity of these adjusted values, however, is  questionable. In 
fact,  analysis of the muscovite samples by the spectrophotometric method 
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TABLE II-2. Results for Fe(II) determinations of several micas and 
reference samples with the recommended analytical method, 
Fe(II) values adjusted for A1, Mg and Si in the samples, 
the relative changes from these adjustments,  and 
recommended values from the l i terature 
Original Data Adjusted Data 
Mineral 
Digest 
Time n Mean (SD) 
Relative 
Error Mean Change 
Literatu 
Val ue 
h % FeO % % FeO % % FeO 
Biot lA 4 10 16.95 (0.04) 0.20 17.13 +1.1 --
L'ane 3B 4 10 18.65 (0.03) 0.16 18.97 +1.7 
BCR-1 4 10 8.85 (0.03) 0.28 9.20 +3.9 8.96 








2.44 +74.2 - -








1.98 +29.5 1.44 








5.53 +1.5 5.17? 
MICA Fe 4 10 18.85 (0.04) 0.20 19.19 +1.8 18.91 
MICA Mg 4 9 6.78 (0.02) 0.29 7.06 +4.2 6.73 
(10) 6.80 (0.04) (0.56) 
®Abbey (1980). 
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of Stucki (1981) gave Fe(II) values that were 26% lower than the 
unadjusted values reported here (J.  W. Stucki,  Department of Agronomy, 
University of Il l inois,  Urbana, IL, 1986, personal communication).  
Clearly, these spectrophotometric data,  and the absence of an observable 
A1 effect with Stucki 's method, would suggest that the values obtained 
with V(V) and Cr(VI) methods are due to interactions of A1 and F with 
the oxidants rather than some sort of reaction with Fe(II).  Whether 
this is indeed the case requires investigation beyond the scope of the 
present study. 
Conclusions 
The oxidimetric NH^VOg method of Peters (1968) has been modified to 
include sample dissolution at 60°C for 4 hours rather than overnight,  
gravimetric measurements of redox reagents following rapid additions by 
manual dispensers,  a sharper t i tration endpoint,  and the use of the same 
container throughout the entire process. The results obtained with the 
method are very precise (standard errors of 0.01-0.04% FeO for all  
samples) and agree well with recommended values. Interferences due to 
the presence of F, A1, Mg and Si were observed, however, and were 
attributed to the formation of a ralstonite-1ike complex with Fe(II) or,  
possibly, the formation of oxyfluoride complexes with V(V). Similar 
results were observed when Cr(VI) was the oxidant,  HCl the matrix acid 
or when excess H^BOg was present.  These interferences are of minor 
concern except for samples l ike Muscovite and granite that contain 
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relatively large amounts of A1 relative to Fe(II).  Highly reproducible 
results are obtained for trioctahedral micas, some of which dissolve in 
less than 30 minutes.  Thus, the main goal of this study, which was the 
development of a rapid and precise batch technique for the determination 
of Fe(II) in non-refractory samples, and trioctahedral micas in 
particular,  has been met.  
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CHAPTER III .  THE ESTIMATION OF OCTAHEDRAL AND TETRAHEDRAL 
CATION SHEET OCCUPANCIES IN TRIOCTAHEDRAL MICAS 
BY AN X-RAY DIFFRACTION TECHNIQUE 
Introduction 
When a monochromatic beam of x-rays is focussed on a well-ordered 
crystalline phase, a series of reflections is observed for each set of 
parallel atom planes in the crystal.  The 2-theta angles at  which the 
fundamental and higher order reflections occur are determined by the 
distances between the atom planes and the wavelength of the radiation 
involved. The relative intensities of the reflections in a given 
series,  however, are determined not only by the spacings between atom 
planes, but also by the electron densities of the atoms that make up 
each plane. Thus, examination of the relative intensities of 
higher-order reflections from a set of planes may yield information 
regarding the kinds of atoms that make up each plane (based on their 
electron densities).  This approach is most useful for distinguishing 
members of a solid solution in which isomorphous substitution of 
electron-rich (e.g.,  Fe, Mn and Ti) for electron-poor (e.g.,  Al, Mg and 
Si) atoms occurs.  
X-ray diffraction methods have long been used to identify and 
quantify crystalline mineral phases in soils and other geological 
materials.  The crystallinity of these minerals varies and often few, if  
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any, higher order reflections are observed. A notable exception to this 
pattern is found in the mica group, members of which give a strong 
series of reflections from the atom planes that l ie parallel to the 
basal surfaces [ i .e. ,  the 00& reflections from the (001) planes].  
Because the octahedral and interlayer cation sites also form planes of 
symmetry in the mica structure, the 00& reflections are very sensitive 
to the types of atoms occupying these sites.  
NagelSchmidt (1937) was the first  to use the relative intensities 
of 00& reflections to distinguish between the dioctahedral muscovite 
micas and the trioctahedral phlogopite-biotite micas. Brown (1951, 
1955) presented calculations of intensities and structure factors for 
the 00& reflections of micas and suggested a method for distinguishing 
the Mg-rich (phlogopite) and Fe-rich (biotite) trioctahedral micas based 
on the relative intensities of the 003 and 005 reflections. More 
recently, the same set of calculations was repeated using updated atomic 
scattering factors and structural refinements (Brown and Brindley, 
1980). 
The f irst  direct application of the techniques based on 00& 
reflections was by Gower (1957) who reported 004/005 intensity and 
structure factor ratios for random powder samples of six trioctahedral 
micas. He expressed his results in terms of total Fe content as a 
fraction of total Fe+Mg+Al content and thus did not attempt to quantify 
the distribution of Fe and A1 between the octahedral and tetrahedral 
sheets.  Rimsaite (1967a) reported 004/005 intensity ratios for a large 
number of basally oriented powder samples as part of her lengthy 
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investigation of the properties of rock-forming micas. In a separate 
work comparing fresh and weathered biotite flakes (Rimsaite,  1967b), she 
noted a decrease in the 004/005 intensity ratios as a result  of 
weathering but did not directly relate i t  to changes in the octahedral 
or tetrahedral cation occupancy of the micas. 
These workers,  therefore, established the feasibili ty of x-ray 
diffraction intensity and structure factor analysis as a way of 
distinguishing among micas and monitoring the progress of weathering in 
micas. The method, however, has not been applied by other investigators 
even though considerable research has focussed on the weathering of 
micas (Scott and Amonette,  1988). Reasons for this may include the 
relatively large quantities of sample required for the random or 
oriented powder mounts,  the relatively poor precision obtained when 
camera methods (which require minimal amounts of sample) are used to 
quantify intensities,  and the high cost and limited availability of 
single-crystal diffractometers with step-scanning capabilit ies.  
The intent of this chapter,  then, is  to report 1) calculations 
showing the effects of different octahedral and tetrahedral occupancies 
and of fluoride substitution for structural hydroxyls on the 004/005 
structure factor ratios of trioctahedral micas, 2) a modified powder 
diffraction technique that requires very l i t t le sample and can take 
advantage of the precision and convenience of a powder diffractometer 
equipped with step-scanning capabilit ies,  3) chemical analyses and 
004/005 structure factor ratio measurements on a suite of six micas 
whose compositions cover the trioctahedral mica range, and 4) a 
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comparison of the cation site occupancies predicted by the technique 
with those obtained when conventional assignments are used to calculate 
structural formulas. An application of this technique to monitor the 
changes in cation occupancy of trioctahedral micas during laboratory 
weathering experiments is  reported in Chapter V. 
Theoretical Aspects 
For a powder diffractometer,  the integrated intensity of an x-ray 
reflection (I) can be calculated by 
I  = KVAlQÎFl^LPTi| 'p(e"^'") [III-l]  
where K is  a constant that includes various physical constants and 
instrumental factors (e.g.,  sl i t  array, x-ray tube voltage and current,  
monochromator and detector efficiencies),  V is  the volume of the sample 
unit  cell ,  A the absorption by the sample, Iq is the incident beam 
intensity, F is  the structure factor (described in more detail  below), L 
and P are the Lorentz and polarization factors which correct for 
angular-dependent variability of the reflection intensity, T is  a factor 
to correct for samples too thin to completely attenuate the x-radiation, 
i|» is  the powder ring factor to correct for random orientation of the 
crystals in the sample, p is  the multiplicity factor to allow for 
reflections at  the same angle from different sets of planes, and e"^"" is  
the temperature factor to correct for loss of intensity due to thermal 
vibration of atoms and electrons in the sample. The expression is 
simplified when samples are mounted with preferred orientation, the 
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reflections of interest are from the same set of atom planes (e.g.,  004 
and 005), and the temperature factor is  assumed to be negligible.  The 
latter assumption is made purely on a practical basis as the temperature 
factor calculations for a monoclinic crystal as complex as a mica are 
difficult  if  not impossible.  Under these circumstances, p and e"^*" 
become equal to 1 and the expression for reflected intensity can be 
reduced to 
I = KVAlQ|Fj^(LP)T. [III-2] 
A value of K for a particular set of instrumental operating 
conditions may be obtained by calibration with a known standard (e.g.,  
corundum or permaquartz) when the other parameters have been measured. 
V may be calculated from the unit  cell  dimensions. A, which is constant 
for flat-mounted samples, may be calculated from the average mass 
absorption coefficient of the sample. When intensity ratios of higher 
orders of the same fundamental reflection are calculated, however, the 
K, V, A and Iq terms cancel and their determination becomes unnecessary. 
The combined Lorentz-polarization factor for a particular 
reflection when a crystal monochromator is  used is  calculated by 
1 + cos^(20)cos^(2a) 
(LP) = ,  5 [III-3] 
sin (20)[1 + cos (2a)] 
in which 2e is  the diffraction angle of the sample and 2a is  the 
diffraction angle of the crystal in the monochromator.  
And, when samples are finitely thick to x-rays ( i .e. ,  addition 
of more sample causes an increase in the reflected intensity),  a 
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correction factor (T),  which is  the effective x-ray thickness of the 
sample, can be calculated from the expression 
(-2y g) 
T = 1 -  exp{ } [III-4] 
(sin 0 )  
" fc  
and included in Eq. III-2. Here, p is  the average mass absorption 
coefficient of the sample and g is  the mass of the sample per unit  area. 
yip 
For best results,  (y g) should be determined empirically for each 
sample (Reynolds, 1985). 
The structure factor for a given reflection contains the most 
valuable information about the sample. I t  may be calculated if  the unit  
cell  coordinates of each atomic structural site are known and a 
reasonable estimate of the number and kinds of atoms occupying the site 
can be made. One form of the equation that yields the theoretical 
structure factor (iFl^^eo) is 
2  N  |F|  thgo = (z (n^) (fg)cosC2Tr(hu + kv + &w)]} 
N P 
+ (n )(f )sin[2n(hu + kv + &w)]} [III-5] 
s=l ® * 
where n^^ is  the number of atoms of type "a" occupying site type "s" in 
the unit  cell ,  N is  the total number of site types in the unit  cell ,  f_ 
is  the atomic scattering factor for atoms of type "a" (related to the 
electron density of the atom and obtained from published tables),  h,  k.  
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and & are the Miller indices of a particular reflection, and u, v,  and w 
are the fractional coordinates of the atom site.  For the 00& 
reflections of micas, Eq. [III-5] reduces to 
2 N ,  
iFl ' theo = (ng)(f^)cos{2ïïAw)r. [III-6] 
An empirical estimate of the structure factor can also be obtained 
by measuring the intensity of the reflection and solving Eq. [111-2] for 
|F|2.  This ( 
the equation 
| | .  i  observed structure factor (IFIQ^^) is ,  therefore, given by 
iFl^obs • [III-7] 
KVAIq(LP)T 
Inasmuch as the theoretical structure factor is calculated from 
certain assumptions about the locations of atoms in the sample 
structure, a comparison of the observed and theoretical structure 
factors can serve to check the validity of the assumptions that were 
made. In practice, these estimates of atom locations are adjusted (in 
conjunction with other knowledge about the structure) until  the 
theoretical structure factor agrees with the observed structure factor.  
That is ,  a range of theoretical structure factors may be calculated from 
different combinations of site occupancies,  but,  in general,  only one of 
these values will  coincide with the observed structure factor.  I t  is by 
this comparative process, therefore, that assignments of atoms among 
various sites in a structure may be made. 
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If more than one reflection from a set of parallel planes is 
observed, i t  is convenient to use two of them (x and y) in conjunction 
with Eq. III-7 to obtain a structure factor ratio (iFI^/y) because the 
values for K, V, A, and Ig cancel,  and the expression is reduced to 
2 (IJ[(LP) T ]  
which is based solely on the parameters I ,  L, P, and T. Theoretical 
structure factor ratios [ 'F'x/y(theo)] also be calculated and, thus, 
assignments of atoms to structural sites can made by the comparative 
procedure described before. 
Experimental 
Mica samples 
Samples of six different trioctahedral micas were obtained from 
various sources. These samples included a phlogopite from Wakefield, 
Ontario, Canada and a siderophyllite from the Little Patsy Mine, near 
Pine, Jefferson Co.,  Colorado (Continental Minerals,  Tucson, AZ); a 
phlogopite from North Burgess, Ontario, Canada and a magnesian biotite 
from Bancroft,  Ontario, Canada (Ward's Scientific Establishment,  
Rochester,  NY); and, a lepidomelane from Brevik, Norway (NMNH # R7117) 
and an annite from Massachussets (NMNH # 45954) (National Museum of 
Natural History, Smithsonian Institution, Washington, D.C.).  Aqueous 
suspensions of the siderophyllite.  North Burgess phlogopite and biotite 
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samples were ground in a Waring blender to pass through a 50-um sieve 
and then the 10- to 20-ym size-fractions were recovered by 
sedimentation. After drying, the micas were suspended in acetone and 
subjected to a brief sonification treatment to remove any ultrafine 
particles that may have remained. Because very small quantities of the 
Wakefield phlogopitq, lepidomelane and annite were available, the 
sedimentation and sonification steps were omitted and the < 50-ym 
size-fraction of these micas was used in the analyses. 
After a qualitative determination of the major elements present in 
the micas by energy-dispersive x-ray fluorescence spectroscopy (XRF), 
quantitative determinations of these elements were made by 
inductively-coupled argon plasma atomic emission spectroscopy (ICP-AES). 
For the ICP-AES analyses, the biotite,  siderophyllite,  lep domelane and 
annite samples were digested in HF-HgSO^ and the excess fluoride 
complexed by addition of HgBOg prior to analysis,  whereas the two 
phlogopite samples were analyzed directly as 0.1 % aqueous suspensions. 
The quantities of K, Rb and Fe in all  samples were determined by atomic 
absorption spectroscopy of HF digests.  Fe(II) in these samples was 
analyzed by the recommended V(V) method described in Chapter II .  These 
data were used to calculate structural formulas for each mica on the 
basis of 44 positive and negative charges for each unit  layer.  
Pi ffractometers 
Two x-ray diffractometers were used, a General Electric XRD-6 and a 
Picker 3488K. The GE unit  was equipped with a Cu source, a 1° 
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incident-beam Seller sl i t ,  a medium resolution diffracted-beam Seller 
sl i t ,  a 0.2* detector sl i t ,  a diffracted-beam flat-crystal graphite 
monochromator and a scintil lation tube detector,  and was used to measure 
the effective x-ray thickness of the samples. The Picker unit  was 
equipped with 1° incident- and diffracted-beam Sol 1er sli ts,  and a 
similar monochromator and detector arrangement,  but had a Mo source and 
a 0.005° detector sl i t .  Pulse-height analysis was obtained with a 
single-channel analyzer set at  0.40 V base and 4.49 V pulse height.  In 
addition, the Picker unit  was connected to a VAX minicomputer system 
which allowed automated step-scanning and the collection and analysis of 
digitized data.  Because of these latter capabilit ies,  the Picker 
diffractometer was used to collect the intensity data for the mica 
samples. 
Effective x-ray thickness 
The calculation of T in Eq. [III-4] requires a value for the 
product of u (average mass absorption coefficient) and g (areal 
density).  The method for empirically measuring this product was 
basically a modification of that described by Reynolds (1985). The GE 
XRD-6 unit  was allowed to stabilize with the Cu tube on (35 KVP, 45 mA) 
for a minimum of 30 minutes before starting the measurements.  After 
blocking the incident x-ray beam, a sample of Permaquartz was placed in 
the sample holder.  The beam was unblocked and the goniometer moved to 
the angle at  which the maximum in the 0.334-nm quartz peak was observed 
(near 26.7®2-theta with Cu^^ radiation).  Using the scaler to record the 
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counts,  successive 100-s counts of this quartz reflection were measured 
in the sequence U-U-B-B-B-B-U-U-M-M-M-M-U-U, where U refers to the 
unblocked beam, and B and M to the insertion of a sample blank and a 
mica sample, respectively, in the diffracted beam. The sample blank (B) 
was comprised of a 2.5x4.0-cm rectangle of thin acetate (cut from an 
acetate page protector) covered on one side with two parallel strips of 
double stick tape (1.25x4.0 cm) and was placed between the 
diffracted-beam Soller sl i t  and the detector sli t  with the plane of the 
rectangle perpendicular to the diffracted x-ray beam. The mica sample 
(M) consisted of the sample blank that was altered by saturating the 
double stick tape with the ground mica sample. The intensities observed 
for the blank (B) and for the mica (M) samples were averaged separately, 
corrected for fluctuations in the incident intensity as measured by the 
U data,  and then used to calculate a value for (y g) by 
w*g = ln(lg)-ln(If^) [III-9] 
where Ig and 1^^ are the average corrected intensities for the blank 
' f c  
and mica samples, respectively. These values for u g were valid for 
Cu^Q radiation. In order to obtain values of u g for use with Mo^^ 
radiation, the observed u g^^ values were multiplied by a factor 
"k ie (0.115) which corresponded to the ratio of w to % calculated 
for a typical mica. An exact factor could have been calculated for each 
mica from the elemental analysis,  but the samples were so thin that use 
of these exact factors would have had negligible effects on the final 
values of T and |F| .  
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Observed structure factors 
After determination of the effective x-ray thickness (T) of the 
mica samples, the double stick tape impregnated with mica on one side 
was carefully separated from the acetate backing and transferred to a 
glass slide (2.5x7.7 cm) for analysis of the intensities of the 004 and 
005 reflections by the Picker diffractometer.  For these analyses, Mo^^ 
radiation was used (49 KVP, 17 mA) and the goniometer was advanced in 
steps of 0.01°26 in the range from 14.00 to 22.50°2e. The diffracted 
beam intensity was measured for 5 s at  each step, digitized, and stored 
sequentially in a computer f i le.  Three replicate samples were prepared 
for the North Burgess phlogopite,  biotite and siderophyllite micas, but 
the number of slides was reduced to two for the remaining micas because 
of the high precision obtained. Each slide was analyzed three times in 
succession. The intensity data from these triplicate analyses were 
summed at  each goniometer step to create one data fi le for each slide. 
An enhanced background subtraction program was used on this data fi le to 
correct the observed intensities for background, to locate the peak 
maxima, and to calculate the integrated intensities,  and the Lorentz, 
polarization and thickness factors.  From these parameters,  the observed 
structure factor ratios of the 004 and 005 reflections, 
lFlo04/005(obs) '  w*re calculated by Eq. ClII-8].  
Theoretical structure factors 
Once the observed structure factors had been determined, a set of 
structure factors for each mica was calculated using [III-6].  These 
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calculations relied on the elemental analyses, the recommended atomic 
scattering factors (Int.  Union Crystallogr1962), and assumptions 
about the distribution of cations among the various sites and the 
fractional coordinates of those sites.  
In order to make the results of these calculations easier to 
understand, the x-ray electron densities of the octahedral cation suite 
were presented as if  only Fe or Mg occupied the sites and there were no 
vacancies.  This was accomplished by multiplying the stoichiometric 
coefficient of each octahedral cation (obtained from the structural 
formula) by the ratio of the atomic scattering factor of the cation to 
that of either Fe(II) or Mg [e.g.,  fcation^^Fe(II)^* These values were 
then summed to arrive at  a value for "effective" Fe(II) and "effective" 
Mg octahedral occupancies in the mica. For example, the heavy atoms 
CFe(III),  Mn, Ti,  Zn] were converted to the number of Fe(II) atoms that 
would give the same x-ray electron density by 
"FedD" = [Fe(II)] + 1.04[Fe(III)] + 0.83(Ti) 
+ 0.99(Mn) + 1.25(Zn) [III-IO] 
where the stoichiometric coefficient of each cation is in parentheses 
and is multiplied by a value for the ratio ^cation^^Fe(II)* ^he 
number of "Mg" atoms was arrived at  in a similar fashion by summing the 
Mg, A1 and Li x-ray electron densities.  At this stage, vacancies were 
accounted for by increasing the "Mg" value and decreasing the "Fe(II)" 
value until  the same total x-ray electron density was achieved and the 
two values summed to six (the number of octahedral sites in the unit  
cell) .  Thus, the x-ray electron density of the octahedral cation sites 
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is represented by a binary system with 100% Mg occupancy at  one extreme 
and 100% Fe(II) occupancy at  the other.  
Structural formulas 
A total of four structural formulas were calculated for each mica. 
Three were based solely on the elemental analysis and used different 
cation site assignment schemes, whereas the fourth formula included the 
site assignments that were predicted by the observed i '^Î004/005 r*tio 
as well.  
The f irst  of these structural formulas was derived in the 
conventional manner by assuming that the tetrahedral sheet contained no 
vacancies and that tetrahedral sites were fi l led first  with Si,  then Al, 
and finally Fe(III) and Ti,  if  insufficient Al were present.  Thus, 
vacancies were confined to the octahedral sites and the levels of Fe and 
Ti in the tetrahedral sites were at  a minimum. The site assignment 
scheme for this structural formula is  referred to as "Minimum (IV) Fe". 
The second structural formula was derived by reversing the 
conventional priorities of assigning Al and Fe(III)+Ti the tetrahedral 
sheet.  Vacancies were st i l l  confined to the octahedral sites and the 
electron density of the tetrahedral atom plane was at  a maximum. The 
site assignment scheme for this formula is  referred to as "Maximum (IV) 
Density". 
For the third structural formula, the octahedral sites were fi l led 
entirely, f irst  with the heavy [e.g.,  Fe(II),  Fe(III),  Ti,  Mn, Zn] and 
then with the l ight (e.g.,  Mg, Li,  Al) cations. Al was given the lowest 
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priority in fi l l ing the octahedral sites and, consequently, the excess 
A1 and any vacancies were assigned to the tetrahedral sites.  With these 
assignments,  the electron density of the octahedral atom plane was at  a 
maximum. The site assignment scheme for this formula is  referred to as 
"Maximum (VI) Density". 
The fourth structural formula was derived to show the cation site 
occupancies that would be predicted when the observed 'F'o04/005 ratio 
was compared to the range of theoretical ' '^ '004/005 ratios.  This was 
done by starting with the conventionally derived formula [Minimum (IV) 
Fe] and shifting the assigned electron densities of the tetrahedral and 
octahedral atom planes until  the theoretical IF! ratio equaled the 
observed IF! ratio.  To increase the theoretical IF! ratio,  some of the 
A1 assigned to the tetrahedral sheet was shifted to fi l l  vacancies in 
the octahedral sheet.  This shift ,  of course, resulted in an equal shift  
in the number of assigned vacancies from the octahedral sheet to the 
tetrahedral sheet.  Decreases in the theoretical IF|  ratio were achieved 
by exchanging the assignments of tetrahedral A1 with those of octahedral 
Fe(III).  The site assignment scheme for this formula, therefore, is  
referred to as "Predicted (XRD Data)".  
Results and Discussion 
Fractional coordinates 
A major assumption was made in obtaining values of the fractional 
coordinates to be used in theoretical structure factor calculations. 
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Rather than performing a one-dimensional Fourier synthesis on each mica 
(which would have consumed much t ime), or choosing a set of coordinates 
for each mica from the l i terature (which may or may not have had any 
relation to the mica in question),  i t  was decided instead to choose a 
single set of coordinates based on structural refinements in the 
l i terature and apply i t  to all  six micas. Bailey (1980) tabulated 
structural refinement data for a number of micas from which calculations 
of the fractional coordinates could be made. Franzini and Schiaffino 
(1963) performed structural refinements on six biotites and reported 
fractional coordinates for each as well as the means of the six sets of 
coordinates.  Several sets of fractional coordinates that were 
calculated from data tabulated by Bailey (1980) and the mean coordinates 
reported by Franzini and Schiaffino (1963) are given in Table III-l .  
The agreement among the different sets of fractional coordinates is 
very good. In no instance does a pair of coordinates for the same atom 
plane differ by more than 0.5% of the unit  cell  c-dimension. Thus, for 
comparisons of the relative effects of different cation site occupancies 
on theoretical |F|  ratios of a mica, the use of any of these sets of 
coordinates would yield essentially the same results as if  a Fourier 
synthesis for the mica had been performed. The difficulty arises,  
however, when comparing the range of theoretical structure factors to an 
observed structure factor,  inasmuch as the latter is an absolute 
quantity.  
The mean coordinates reported by Franzini and Schiaffino (1963) 
were selected for the theoretical structure factor calculations because 
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TABLE III-l .  Fractional coordinates along the c-axis (w) for the 00A 
atom planes in several trioctahedral mica specimens 
(calculated from structural refinement data) 
Trioctahedral Mica Specimens 









Interlayer Cation 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 
Basal Oxygen 0.16948 0.16746 0.16647 0.16682 0.16763 0.16698 
Tetrahedral Cation 0.23007 0.22622 0.22758 0.22966 0.22833 0.22601 
Apical 0,F 0.39459 0.39061 0.39325 0.39502 0.39501 0.39400 
Octahedral Cation 0.50000 0.50000 0.50000 0.50000 0.50000 0.50000 
Apical 0,F 0.60541 0.60939 0.60675 0.60498 0.60499 0.60600 
Tetrahedral Cation 0.76993 0.77378 0.77242 0.77034 0.77167 0.77399 
Basal Oxygen 0.83052 0.83254 0.83353 0.83318 0.83237 0.83302 
Interlayer Cation 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
From structural data tabulated by Bailey (1980). Original 
references are as follows: Phlogopite (Rayner,  1974), Annite (Hazen and 
Burnham, 1973), Mg-biotite (Takeda and Ross, 1975), Synthetic 
Fluorphlogopite (Takeda and Morosin, 1975), Fe-biotite (Tepikin, Drits 
and Alexandrova, 1969). 
^Data are mean values for six biotites (Franzini and Schiaffino, 
1963). 
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they represented data collected under the same conditions for a wide 
range of biotites.  These coordinates yielded theoretical structure 
factor ratios that compared well with the observed structure factor 
ratios,  especially for the phlogopites where only a narrow range of 
theoretical structure factors could be calculated. Differences in the 
theoretical structure factor ratios arising from the use of the average 
coordinate set of Franzini and Schiaffino (1963) rather than the single 
coordinate set that seemed most appropriate for a particular mica [e.g.,  
Phlog (Rayner,  1974) for phlogopite,  Annite (Hazen and Burnham, 1973) 
for annite] varied from about 0.01 for the annite to 0.03-0.04 for the 
biotite and siderophyllite and 0.10 for the phlogopite.  As will  be 
seen, possible errors of this size would not have a great effect on the 
general conclusions drawn regarding cation site occupancy, except in the 
instance of the Wakefield and North Burgess phlogopites where Rayner's 
(1974) coordinates do not seem to be appropriate.  
Sensitivity of 00a reflections 
As shown by Eq. [III-6],  IFI^ for a given reflection is a summation 
of the contributions of the various parallel atom planes that are 
oriented at  the Bragg angle. The contribution of each plane is the 
product of two components.  One represents the x-ray electron density of 
the atoms that make up the plane (n_f_).  The other component [cos(2wAw)] 
represents the location of that plane in the structure and determines 
whether constructive or destructive interference will  occur between the 
reflections from that plane and reflections from other planes in the 
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Structure. In short,  the x-ray electron density of the atoms in a plane 
determines the amplitude of the structure factor contribution from 
that plane, whereas the location of the plane in the structure 
determines the phase. I t  is helpful,  therefore, to calculate the 
contributions from each atom plane in the structure to the |F|  for each 
reflection in a series.  In this way the reflections that are most 
sensitive to the plane of interest may be identified. An example of 
this type of calculation is given in Table III-2 for a hypothetical mica 
having the formula KXgSi^O^QfOHlg where X is  either Mg 
or Fe. 
One of the first  things to note is that the phase of the interlayer 
cation contribution is always positive, whereas that of the octahedral 
cation contribution alternates between positive and negative for the 
even and odd reflections, respectively. This behavior is  expected 
because these planes form planes of symmetry in the mica structure. 
Another aspect of this symmetry is  that the size of the phase 
contribution, |cos(2n&w)|,  is  always at  a maximum of 1 because the 
product 2nAw is always an integral multiple of n.  Consequently, the 00% 
reflections of the micas are consistently most sensitive to the electron 
density of the atoms that make up the interlayer and octahedral atom 
planes. 
2 Comparisons of the theoretical |F|  values in Table III-2 show 
that all  reflections except the 005 yield higher iFj^ values when the 
denser atoms (Fe) f i l l  the octahedral sites.  The anomalous behavior of 
the 005 reflection is due to the negative contribution of the octahedral 
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TABLE III-2. Contributions of different atom planes to theoretical 
structure factors ( |F|)  calculated for basal reflections 
of trioctahedral micas with Mg or Fe as sole octahedral 
cations and assuming average atom plane spacings of 
Franzini and Schiaffino (1963) 
Basal Reflection 
Atom Plane® 001 002 003 004 005 006 
nffrnc7\b 
Interlayer 
K (+1) 17.34 16.68 15.22 13.76 12.36 10.97 
Basal 
0 (-1) 25.17 -23.68 -40.80 -17.04 14.98 24.42 
Tetrahedral 
Si (+2) 6.90 -41.94 -17.93 31.43 24.42 -20.47 
Apical 
0 (-1) 
-39.72 11.12 16.91 -30.69 28.94 -16.03 
Octahedral 
Mg (+1) 
-63.24 60.48 -56.52 52.50 -48.72 44.94 
Fe (+1) -145.92 141.78 -132.24 122.70 -112.08 101.52 
Apical 
0 (-1) -39.72 11.12 16.91 -30.69 28.94 -16.03 
Tetrahedral 
Si (+2) 6.90 -41.94 -17.93 31.43 24.42 -20.47 
Basal 
0 (-1) 25.17 -23.68 -40.80 -17.04 14.98 24.42 
Interlayer 
K (+1) 17.34 16.68 15.22 13.76 12.36 10.97 
|F|2 (Mg) 1923 229 12041 2247 12695 1823 
|F|2 (Fe) 16011 4376 34392 13831 2431 9857 
|F|2 (Mg/Fe) 0.12 0.05 0.35 0.16 5.22 0.18 
IF! (Mg/Fe) 0.35 0.23 0.59 0.40 2.29 0.43 
^Valences shown assume 50% covalent bonding, except for interlayer 
atoms which are assumed to have 100% ionic bonding. 
^Z=2tiivi,  where s, is the Miller index for given reflection (hk&) and 
w is  the fractional coordinate of the atom plane. 
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2 plane to IFI when all  the other atom planes have positive 
contributions. I t  can be seen, therefore, that great sensitivity to 
octahedral cation site occupancy would be obtained by calculating a 
2 
ratio of the |F|  for the 005 and any other OOi reflection. As shown by 
the ratios of the |F|  values that were calculated by assuming Mg versus 
Fe(II) occupancy, the reflection that gives the most sensitive response 
to octahedral cations is the 002. In theory, then, the 002/005 
structure factor ratio would be a good choice. In practice, however, i t  
is better to use ratios based on peaks that are as close together as 
possible and in the mid- to high-angle range to minimize corrections for 
instrumental geometry, polarization and sample thickness. As a result ,  
the 004/005 structure factor ratio was deemed preferable and used to 
estimate octahedral cation site occupancies.  
An examination of the contributions of other planes to the 004 and 
005 |F|  values reveals that the apical anions (0, OH and F) have strong 
contributions that oppose the octahedral contributions (Table III-2).  
Thus, even though the electron densities of 0 and F are similar,  the 
substitution of F for OH would be expected to have a noticeable effect 
on the |F|  values obtained. The tetrahedral cations also have fairly 
strong positive contributions to the 004 and 005 reflections so that 
substitution of Fe(III) for A1 would have an effect on the |F|^ values. 
Practically speaking, analysis of the samples for F, and perhaps even CI 
and Br, would eliminate any uncertainties regarding the apical anion 
contribution. Resolution of the contributions of the tetrahedral 
cations (barring the use of Mossbauer or NMR spectroscopy) must rely on 
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comparisons of observed and calculated |F|  and is subject to the 
assumptions and possible errors that result  therefrom. 
The sensitivity of the 004/005 structure factor ratio to octahedral 
cation site occupancy is very high. For the example in Table III-2, a 
30-fold difference in 'F'^o04/005(theo) ratios is seen between the Mg 
and Fe micas. Even when the square root of this ratio is taken, as is 
commonly done for graphical purposes, the 5-fold difference is quite 
adequate for discerning octahedral cation site occupancy. 
Observed data 
X-ray diffractograms of the 004 and 005 reflections for five of the 
six micas are shown in Figure III-l .  Because the two phlogopites gave 
essentially identical intensities only the North Burgess pattern is 
included. 
Several observations can be made about these x-ray patterns. 
First ,  the micas are highly crystalline as shown by partial  resolution 
of the doublets in each reflection. Second, in going from the 
phlogopite to the annite mica the intensities of the 004 reflections 
(near 16.2°2e) increase, whereas the intensities of the 005 reflections 
(near 20.3°2e) decrease. These trends are as expected and relate 
directly to the influence of octahedral Fe content on the structure 
factor.  Clearly, the relative intensities of these two reflections can 
be used to distinguish the various trioctahedral micas. Third, the 
locations of the peaks for the annite and lepidomelane micas are shifted 
to slightly lower 20 values (larger d-spacings) than the other three 
FIGURE III-l .  X-ray diffraction patterns showing the 004 and 005 
reflections of five trioctahedral micas (Mo. 
radiation) 
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micas. These shifts do not seem to be related to changes in octahedral 
Fe content inasmuch as the shift  is greater for the lepidomelane than 
for the annite and is  very small in the other micas. Instead, the 
larger d-spacings may be attributed to the substitution of the larger 
FedII) for A1 and Si in the tetrahedral cation sites.  Support for this 
explanation is provided later by the structural formulas for the micas, 
which show more tetrahedral Fe in the lepidomelane than in the annite 
and no tetrahedral Fe in the other micas. 
The observed structure factor ratios [ 'F'o04/005(obs)] the six 
micas, expressed as a function of octahedral si te electron density, are 
shown in Figure II1-2. Theoretical l imiting values for these ratios,  
which were calculated for a representative trioctahedral mica 
(SigAlCMg.Feflll jgO^QfOHjg) assuming the substitution of Fe(III) for 
A1 in the tetrahedral sites and F for OH in the apical anion sites,  are 
also shown. Clearly, the theoretical l imiting values bracket the 
observed data,  thus supporting the assumptions and procedures used to 
obtain both sets of data.  The effect of F substitution for OH is  one of 
lowering the ratio somewhat.  The substitution of Fe(III) in the 
tetrahedral sites increases the IF! ratio when the effective octahedral 
Fe(II) occupancy is less than 4, but decreases i t  at  higher octahedral 
densities.  In fact,  for high-Fe micas (e.g.,  lepidomelane and annite) 
any substitution of F or tetrahedral Fe(III) tends to decrease the |F|  
ratios.  
FIGURE III-2. Relationship between the observed IFIo04/005 ratios 
for six trioctahedral micas and the effective Fe(II) 
occupancy of the octahedral sheet,  and the limits to this 
relationship that were calculated for a representative 
mica assuming the complete substitution of F for 
structural OH and of Fe(III) for tetrahedral A1 
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Cation site occupancies 
For each mica, three structural formulas, based on different 
assumptions about cation site occupancies,  were derived from the 
elemental analysis data.  The stoichiometric coefficients from these 
formulas were then used to calculate theoretical lFlo04/005 ratios for 
a comparison with the observed |F|  ratios.  Lastly, the observed 
!FIoo4/oo5 ratio was used in conjunction with the elemental analysis 
data to derive a fourth structural formula. Because i t  is based on two 
independent sets of data and fewer a priori  assumptions, this formula 
may provide the best estimate of the cation site occupancy of the mica. 
These site occupancy estimates, however, are subject to three 
possible sources of error.  The f irst  source of error may be in the 
chemical analyses used to calculate the structural formulas. The 
standard deviations for theoretical IF'oo4/o05 ratios calculated with 
replicate chemical data (rather than average chemical data) run in the 
range of 0.01-0.02. Thus, in relative terms, this source of random 
error affects the phlogopites more than the high-Fe micas. 
A second source of error stems from the use of an average set of 
fractional coordinates to calculate the theoretical 'Flgog/oos ratios.  
This possible error becomes less as the electron density of the 
octahedral atom plane increases because the atoms are located on a plane 
of symmetry whose coordinates (along with those of the interlayer 
cations) are fixed. As the contribution to the structure factor from 
the octahedral plane increases, the relative contribution of the basal 
anion, apical anion and tetrahedral cation planes (whose coordinates may 
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differ from mica to mica) becomes less.  Thus, for the phlogopites,  
errors of as much as 0.10 in the theoretical 'FlgoA/OOS could 
occur whereas for the biotite and siderophyllite errors of 0.03-0.04 are 
possible.  The high-Fe micas (lepidomelane and annite) seem to have very 
small error ranges associated with fractional coordinates—on the order 
of 0.01 in the IFIoo4/005 
A third possible source of error in the site occupancy estimates is 
the random error introduced during the measurement of the reflected 
intensities.  This error,  fortunately, was rather small.  The standard 
deviations of the IFIgos/oos ratios for the phlogopites,  biotite and 
siderophyllite ranged between 0.004 and 0.006. The standard deviations 
for the high-Fe micas were somewhat higher at  0.019. Expressed 
differently, the relative error for the îFÎQQ^/QQg ratios of the six 
micas ranged between 0.4 and 1.4%, which is excellent for an x-ray 
diffraction technique. 
The results of the structural formula, effective octahedral Fe(II) 
and Mg occupancy, and 'Fl004/005 ratio calculations for the Wakefield 
phlogopite are given in Table III-3. This mica is  characterized by 
having almost complete octahedral and tetrahedral site occupancy and 
very low quantities of heavy cations. Consequently, only minor 
differences in structural formulas and |F|  ratios can be seen. A 
comparison of the observed IF! ratio to the theoretical |F|  ratios 
suggests that the few vacancies that do exist  occur in the tetrahedral 
sheet.  The possible error in the theoretical ratios arising from the 
use of average fractional coordinates is large enough, however, that a 
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TABLE III-3. Structural ion site occupancies and theoretical |F|  ratios 
(004/005) obtained with three different assumptions, and 
the predicted site occupancies derived from the observed 
IF! ratio (004/005) for a Wakefield phlogopite 











K (+1) 1.40 1.40 1.40 1.40 
Na (+1) 0.14 0.14 0.14 0.14 
Rb (+1) 0.01 0.01 0.01 0.01 
Ca (+2) 0.01 0.01 0.01 0.01 
Basal Anion 
0 (-1) 12.00 12.00 12.00 12.00 
Tetrahedral 
Si (+2) 5.92 5.92 5.92 5.92 
A1 (+1.5) 2.08 2.00 1.97 1.97 
Fe (+1.5) — — -- — - -
Ti (+2) -  - 0.08 — — 
Apical Anion 
0 (-1) 8.00 8.00 8.00 8.00 
OH (-1) 4.00 4.00 4.00 4.00 
F (-0.5) ND ND ND ND 
Octahedral 
Ti (+2) 0.08 — — 0.08 0.08 
A1 (+1.5) 0.54 0.62 0.65 0.65 
Fe (+1.5) -- — — — — — 
Mg (+1) 5.20 5.20 5.20 5.20 
Fe (+1) 0.06 0.06 0.06 0.06 
Mn (+1) — — — 
Zn (+1) — — — — 
Li (+0.5)^ 0.01 0.01 0.01 0.01 
Binary (VI) 
"Mg" (+1) 5.96 6.00 5.86 5.86 
"Fe" (+1) 0.04 0.00 0.14 0.14 
|F|  Ratio 0.387 
-  Theoretical -
0.384 0.396 
-  Observed — 
0.396 
*Site occupancies assigned by the conventional method. 
'^Valences shown assume 50% covalent bonding, except for interlayer 
atoms which are assumed to have 100% ionic bonding. 
Binary site occupancies refer to a hypothetical octahedral cation 
sheet containing only Mg and Fe but having the same effective electron 
density as the actual octahedral sheet (see text for details).  
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definite statement about tetrahedral vacancies can not be made. 
The North Burgess phlogopite,  l ike the Wakefield, shows only minor 
differences among the structural formulas and theoretical |F|  ratios 
(Table III-4).  The observed |F|  ratio,  however, is  not bracketed by the 
theoretical |F|  ratios so no predictions of site occupancy could be 
made. The lack of agreement between the theoretical and observed IF|  
ratios could be the result  of two factors: 1) an incomplete structural 
formula may have been used in the calculations and 2) slight differences 
may have existed between the actual fractional coordinates of the atom 
planes and the average values that were used. Evidence for the first  
factor is that the x-ray fluorescence analysis showed small amounts of 
Pb to be present in the sample. At the time, these amounts were 
considered negligible and further analysis for Pb was not made. The 
x-ray density of Pb, however, is  roughly 3.5 times that of Fe(II) and 
nearly 8 times that of Mg or A1. Consequently, the presence of a 
relatively small quantity of Pb in the mica could result  in a higher 
observed IF! ratio than would be calculated if  no Pb were assumed to be 
present.  Evidence for a slightly different set of fractional 
coordinates rests mainly on the observation that about 12% of the layer 
charge of the North Burgess phlogopite is  balanced by interlayer Ca. The 
substitution of divalent Ca for the monovalent alkali  cations would be 
expected to cause more distortion in the mica structure and, as a 
consequence, a slight shift  in the coordinates of the atom planes. 
Structural formulas calculated for the Bancroft biotite (Table 
III-5) show that i t  contains 5-10% more Si,  more cation-site vacancies 
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TABLE III-4. Structural ion site occupancies and theoretical |F|  ratios 
(004/005) obtained with three different assumptions, and 
the predicted site occupancies derived from the observed 
IFI ratio (004/005) for a North Burgess phlogopite 











K (+1) 1.50 1.50 1.50 — —  
Na (+1) 0.09 0.09 0.09 
Rb (+1) —  — -- — --
Ca (+2) 0.11 0.11 0.11 
Basal Anion 
0 (-1) 12.00 12.00 12.00 —  —  
Tetrahedral 
Si (+2) 5.91 5.91 5.91 --
A1 (+1.5) 2.09 1.94 1.95 
Fe (+1.5) -- — —  —  — —  
Ti (+2) -- 0.15 -- — —  
Apical Anion 
0 (-1) 8.00 8.00 8.00 — 
OH (-1) 2.15 2.15 2.15 —  —  
F (-0.5) 1.85 1.85 1.85 —  —  
Octahedral 
Ti (+2) 0.15 —  —  0.15 — —  
A1 (+1.5) 0.26 0.41 0.40 —  —  
Fe (+1.5) —  —  — —  —  —  — —  
Mg (+1) 5.13 5.13 5.13 — —  
Fe (+1) 0.27 0.27 0.27 
Mn (+1) 0.01 0.01 0.01 —  —  
Zn (+1) -- — — — 
Li (+0.5)^ 0.04 0.04 0.04 —  —  
Binary (VI) 
"Mg" (+1) 5.77 5.85 5.64 — —  
"Fe" (+1) 0.23 0.15 0.36 —  —  
IFI Ratio 0.402 
-  Theoretical -
0.395 0.413 
-  Observed — 
0.437 
®Site occupancies assigned by the conventional method. 
'^Valences shown assume 50% covalent bonding, except for interlayer 
atoms which are assumed to have 100% ionic bonding. 
Binary site occupancies refer to a hypothetical octahedral cation 
sheet containing only Mg and Fe but having the same effective electron 
density as the actual octahedral sheet (see text for details).  
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TABLE III-5. Structural ion site occupancies and theoretical |F|  ratios 
(004/005) obtained with three different assumptions, and 
the predicted site occupancies derived from the observed 
|F|  ratio (004/005) for a Bancroft biotite 











K (+1) 1.83 1.83 1.83 1.83 
Na (+1) 0.14 0.14 0.14 0.14 
Rb (+1) -- -- — —  --
Ca (+2) —  —  - - —  —  --
Basal Anion 
0 (-1) 12.00 12.00 12.00 12.00 
Tetrahedral 
Si (+2) 6.34 6.34 6.34 6.34 
A1 (+1.5) 1.66 1.24 1.13 1.34 
Fe (+1.5) — —  0.13 — — 
Ti (+2) —  —  0.29 —  —  --
Apical Anion 
0 (-1) 8.00 8.00 8.00 8.00 
OH (-1) 1.69 1.69 1.69 1.69 
F (-0.5) 2.31 2.31 2.31 2.31 
Octahedral 
Ti (+2) 0.29 —  —  0.29 0.29 
A1 (+1.5) 0.13 0.55 0.66 0.45 
Fe (+1.5) 0.13 -- 0.13 0.13 
Mg (+1) 2.78 2.78 2.78 2.78 
Fe (+1) 1.91 1.91 1.91 1.91 
Mn (+1) 0.11 0.11 0.11 0.11 
Zn (+1) 0.01 0.01 0.01 0.01 
Li (+0.5)r 0.10 0.10 0.10 0.10 
Binary (VI) 
"Mg" (+1) 4.17 4.49 3.67 3.91 
"Fe" (+1) 1.83 1.51 2.33 2.09 
|F|  Ratio 0.687 
-  Theoretical -
0.640 0.775 
-  Observed — 
0.738 
*Site occupancies assigned by the conventional method. 
' 'valences shown assume 50% covalent bonding, except for inter!ayer 
atoms which are assumed to have 100% ionic bonding. 
Binary site occupancies refer to a hypothetical octahedral cation 
sheet containing only Mg and Fe but having the same effective electron 
density as the actual octahedral sheet (see text for details).  
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and a higher layer charge than the other micas. The conventional cation 
site assignments [minimum (IV) Fe] suggest that about a third of the 
layer charge arises from vacancies in the octahedral sheet.  A shift  of 
all  of these vacancies to the tetrahedral sheet [maximum (VI) density] 
results in a net positive charge on the octahedral sheet equal to nearly 
half the layer charge of the mica. Both of these situations seem 
extreme. I t  seems l ikely, therefore, that some vacancies occur in both 
the tetrahedral and octahedral sheets.  Fortunately, the theoretical IF|  
ratios provide a wide enough range to distinguish between these two 
extremes and the observed |F|  ratio supports the presence of vacancies 
in both octahedral and tetrahedral sites.  The uncertainty associated 
with the vacancy distribution in the predicted structural formula is 
rather high, however, if  an allowance of 0.04 is made in the theoretical 
|F|  ratios for possible errors in the fractional coordinates.  
Tetrahedral vacancies are sti l l  predicted, but the exact quantity is 
subject to some question. The ease with which this mica exchanges 
interlayer K (Chapter VI) suggests that at  least some of the layer 
charge originates in the octahedral sheet and, therefore, the number of 
tetrahedral vacancies may be less than that predicted by comparison of 
the theoretical and observed |F|  ratios.  
The Little Patsy siderophyllite (Table III-6) also contains a fair 
number of cation-site vacancies,  but has more trivalent cations and less 
Si than the biotite,  As a consequence, all  of the layer charge 
originates in the tetrahedral sheet and a small amount of positive 
charge resides in the octahedral sheet.  This distribution of charge is 
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TABLE III-6. Structural ion site occupancies and theoretical |F|  ratios 
(004/005) obtained with three different assumptions, and 
the predicted site occupancies derived from the observed 
ÎFÎ ratio (004/005) for a Little Patsy siderophyllite 











K (+1) 1.78 1.78 1.78 1.78 
Na (+1) 0.09 0.09 0.09 0.09 
Rb (+1) 0.07 0.07 0.07 0.07 
Ca (+2) —  —  - - —  —  -  —  
Basal Anion 
0 (-1) 12.00 12.00 12.00 12.00 
Tetrahedral 
Si (+2) 5.74 5.74 5.74 5.74 
A1 (+1.5) 2.26 2.17 1.84 2.12 
Fe (+1.5) — 0.05 - - — 
Ti (+2) - - 0.04 -  —  
Apical Anion 
0 (-1) 8.00 8.00 8.00 8.00 
OH (-1) 0.86 0.86 0.86 0.86 
F (-0.5) 3.14 3.14 3.14 3.14 
Octahedral 
Ti (+2) 0.04 - - 0.04 0.04 
A1 (+1.5) 1.56 1.65 1.98 1.70 
Fe (+1.5) 0.05 — —  0.05 0.05 
Mg (+1) 0.01 0.01 0.01 0.01 
Fe (+1) 3.24 3.24 3.24 3.24 
Mn (+1) 0.15 0.15 0.15 0.15 
Zn (+1) 0.01 0.01 0.01 0.01 
Li (+0.5)^ 0.52 0.52 0.52 0.52 
Binary (VI) 
"Mg" (+1) 3.18 3.27 2.79 3.05 
"Fe" (+1) 2.82 2.73 3.21 2.95 
IFI Ratio 0.892 
-  Theoretical -
0.873 0.984 
-  Observed — 
0.921 
*Site occupancies assigned by the conventional method. 
'^Valences shown assume 50% covalent bonding, except for interlayer 
atoms which are assumed to have 100% ionic bonding. 
Binary site occupancies refer to a hypothetical octahedral cation 
sheet containing only Mg and Fe but having the same effective electron 
density as the actual octahedral sheet (see text for details).  
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typical of micas in general and serves to underscore the unusual 
situation observed for the Bancroft biotite.  The range in theoretical 
IFl ratios for the siderophyllite is similar to that for the biotite,  
and a comparison of the observed to the theoretical |F|  ratios suggests 
that some tetrahedral vacancies may be present.  This prediction is 
tempered again by the uncertainty in the fractional coordinates and i t  
is possible that no tetrahedral vacancies occur.  
The Brevik lepidomelane (Table III-7) contains considerable amounts 
of the heavier elements [notably Fe(II) and Fe(III),  Ti and Mn] and 
about the same number of vacancies as the biotite.  One result  of the 
combination of heavy atoms and numerous vacancies is  that the range in 
the theoretical |F|  ratios is large (1.10 to 1.88) and, thus, the 
sensitivity to cation site occupancy is high. The Fe(III) content is  
high enough that tetrahedral Fe(III) is  present in the conventional 
[minimum (IV) Fe] as well as the maximum (IV) density formulas. The 
observed IF|  ratio,  however, is  so far below the theoretical ratio 
calculated for the conventional si te occupancies that the predicted 
tetrahedral Fe content is  almost twice that of the conventional formula. 
This prediction is reasonably well-founded because the possible error 
from fractional coordinates is smaller than the standard deviation of 
the observed IF|  ratio (0.02).  
The Massachusetts annite (Table III-8) bears many similarities to 
the lepidomelane, but contains only half as much Fe(III),  nearly 50% 
more Fe(II) and fewer vacancies.  Because of the vacancies the range in 
theoretical IF|  ratios is narrower (1.43-2.06) but st i l l  quite sensitive 
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TABLE III-7. Structural ion site occupancies and theoretical !F|  ratios 
(004/005) obtained with three different assumptions, and 
the predicted site occupancies derived from the observed 
|F|  ratio (004/005) for a Brevik lepidomelane 











K (+1) 1.63 1.63 1.63 1.63 
Na (+1) 0.11 0.11 0.11 0.11 
Rb (+1) 0.01 0.01 0.01 0.01 
Ca (+2) 0.01 0.01 0.01 0.01 
Basal Anion 
0 (-1) 12.00 12.00 12.00 12.00 
Tetrahedral 
Si (+2) 5.62 5.62 5.62 5.62 
A1 (+1.5) 2.05 0.81 1.91 1.80 
Fe (+1.5) 0.33 1.10 —« 0.58 
Ti (+2) — — 0.47 - - — — 
Apical Anion 
0 (-1) 8.00 8.00 8.00 8.00 
OH (-1) 3.72 3.72 3.72 3.72 
F (-0.5) 0.28 0.28 0.28 0.28 
Octahedral 
Ti (+2) 0.47 0.47 0.47 
A1 (+1.5) — — 1.24 0.14 0.25 
Fe (+1.5) 0.77 — — 1.10 0.52 
Mg (+1) 0.45 0.45 0.45 0.45 
Fe (+1) 3.42 3.42 3.42 3.42 
Mn (+1) 0.25 0.25 0.25 0.25 
Zn (+1) 0.02 0.02 0.02 0.02 
Li (+0.5)r 0.15 0.15 0.15 0.15 
Binary (VI)^ 
"Mg" (+1) 1.69 2.78 0.90 1.96 
"Fe" (+1) 4.31 3.22 5.10 4.04 
IFI Ratio 1.461 
-  Theoretical -
1.101 1.884 
-  Observed — 
1.361 
®Site occupancies assigned by the conventional method. 
'^Valences shown assume 50% covalent bonding, except for interlayer 
atoms which are assumed to have 100% ionic bonding. 
Binary site occupancies refer to a hypothetical octahedral cation 
sheet containing only Mg and Fe but having the same effective electron 
density as the actual octahedral sheet (see text for details).  
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TABLE II1-8. Structural ion site occupancies and theoretical IFI ratios 
(004/005) obtained with three different assumptions, and 
the predicted site occupancies derived from the observed 
|F|  ratio (004/005) for a Massachusetts annite 











K (+1) 1.77 1.77 1.77 1.77 
Na (+1) 0.02 0.02 0.02 0.02 
Rb (+1) 0.03 0.03 0.03 0.03 
Ca (+2) - - —  —  — —  —  
Basal Anion 
0 (-1) 12.00 12.00 12.00 12.00 
Tetrahedral 
Si (+2) 5.74 5.74 5.74 5.74 
A1 (+1.5) 2.07 1.28 1.91 1.96 
Fe (+1.5) 0.19 0.49 — —  0.30 
Ti (+2) -- 0.49 —  —  —  —  
Apical Anion 
0 (-1) 8.00 8.00 8.00 8.00 
OH (-1) 3.69 3.69 3.69 3.69 
F (-0.5) 0.31 0.31 0.31 0.31 
Octahedral 
Ti (+2) 0.49 —  —  0.49 0.49 
A1 (+1.5) -- 0.79 0.16 0.11 
Fe (+1.5) 0.30 — — 0.49 0.19 
Mg (+1) 0.06 0.06 0.06 0.06 
Fe (+1) 4.52 4.52 4.52 4.52 
Mn (+1) 0.09 0.09 0.09 0.09 
Zn (+1) 0.04 0.04 0.04 0.04 
Li (+0.5)^ 0.15 0.15 0.15 0.15 
Binary (VI) 
"Mg" (+1) 1.09 1.71 0.57 1.23 
"Fe" (+1) 4.91 4.29 5.43 4.77 
ÎFI Ratio 1.725 
-  Theoretical -
1.428 2.056 
-  Observed — 
1.664 
®Site occupancies assigned by the conventional method. 
'^Valences shown assume 50% covalent bonding, except for in ter layer 
atoms which are assumed to have 100% ionic bonding. 
Binary site occupancies refer to a hypothetical octahedral cation 
sheet containing only Mg and Fe but having the same effective electron 
density as the actual octahedral sheet (see text for details).  
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to cation site occupancy. The observed |F|  ratio is less than the 
conventionally calculated theoretical ratio and predicts about 50% more 
tetrahedral Fe than the conventional formula. Again, the error in this 
prediction is probably confined to the standard deviation of the 
observed |F|  ratio (0.02).  
The data presented in Tables III-3 through III-8 are summarized in 
Figure III-3. In this figure, the theoretical and observed iF'îooA/oos 
ratios are plotted as a function of the effective Fe(II) occupancy, 
which describes the x-ray electron density of the octahedral atom plane. 
The range of theoretical |F|  ratios is shown by the open symbols 
(connected by dotted lines) whereas the observed IF|  ratio is 
represented by a solid horizontal l ine. The intersection of the solid 
and dotted l ines corresponds to the predicted electron density of the 
octahedral plane, from which the site occupancies for the tetrahedral 
and octahedral sheets were calculated in Tables III-3 to III-8. In 
general,  as the effective octahedral Fe(II) occupancy increases, the 
value of the '^" '004/005 i^®tio and the sensitivity of the ratio to site 
occupancy (as shown by the theoretical range) also increase. Thus, this 
method seems most applicable to the mid- and high-Fe micas, when an 
absolute estimate of cation site occupancy is desired. The use of 
individually determined fractional coordinates for the micas (instead of 
relying on mean values) would eliminate much of the uncertainty in the 
estimates for low-Fe micas, but at  the expense of more time and effort.  
The problems encountered here with fractional coordinates should be 
much less when subsamples of the same mica are analyzed after various 
FIGURE III-3. The observed 1'^1oo4/qo5 for six trioctahedral 
micas and the range of theoretical IF'oo4/o05 
that were calculated for each mica assuming various 
octahedral and tetrahedral cation site occupancies,  
expressed in terms of the effective Fe(II) occupancy of 
the octahedral sheet [the Fe(II) ocupancy associated with 
the conventional cation site assignment and that 
predicted by the observed I^'004/005 are shown 
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treatments.  In this event,  the fractional coordinates would remain 
relatively constant even if  the site occupancies changed (e.g.,  ejection 
of cations that occurs as a result  of oxidative weathering).  Thus, 
application of this method to studies of a single mica at  various stages 
of weathering may yield sensitive information regarding the extent of 
cation ejection relative to other reactions that may occur.  
Summary and Conclusions 
A relatively simple and precise method for the estimation of cation 
site occupancies in trioctahedral micas by x-ray diffraction has been 
developed. The method relies on comparisons of theoretical and observed 
structure factor ratios for the 004 and 005 reflections and thus 
requires the determination of chemical composition and fractional 
coordinates of the atom planes parallel to the basal surfaces, when 
absolute numbers are desired. Estimates of the fractional coordinates 
from the l i terature may be used, but they increase the uncertainty of 
the site occupancy estimates, especially in the phlogopite micas. The 
results that were obtained for six representative trioctahedral micas 
suggest that the conventional assignments of cations to octahedral and 
tetrahedral sites probably need some modifications. For example, the 
data support the presence of vacancies in tetrahedral sites of a 
magnesian biotite and the presence of as much as twice the amount of 
tetrahedral Fe(III) in a lepidomelane and annite than would be predicted 
by the conventional si te assignments.  The observed structure factor 
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ratios may be used, without reference to the theoretical ratios,  for 
relative estimates of cation site occupancy in treated subsamples of the 
same mica, or even for rough classification of unknown micas. When 
accurate structural formulas are desired or when changes in cation 
occupancies during weathering need to be monitored, this method should 
prove valuable. 
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CHAPTER IV. OXIDATIVE WEATHERING OF TRIOCTAHEDRAL MICAS 
BY BUFFERED HgOg SOLUTIONS—1. OXIDATION AND 
THE KINETICS OF DISSOLUTION 
Introduction 
A full  understanding of the role of structural Fe oxidation in mica 
weathering requires knowledge of the conditions under which i t  can, and 
cannot,  occur.  I t  is generally recognized that structural Fe oxidation 
occurs readily in micas that have been expanded by a replacement of 
interlayer K with hydrated cations. What is  not so clear,  however, is  
the extent to which such oxidation may occur in micas that retain their 
interlayer K and thus remain contracted. Juo and White (1969), for 
example, reported only "partial oxidation" of a biotite they treated 
with a 30% HgOg-O.S M KCl solution. Robert (1971) concluded, after his 
attempts with HgOg solutions yielded oxidation of 7% of the Fe(II) 
present,  that only the Fe(II) directly in contact with the oxidizing 
solution could be oxidized. On the other hand, Gilkes et  al .  (1972a) 
reported oxidation of as much as 85% of the structural Fe(II) in 
Bancroft biotite samples "without change in structure" after treatments 
by Erg-saturated solutions and suggested "that expansion need not occur 
during natural weathering." In a later publication, however, Gilkes et  
al .  (1972b) tacitly acknowledged that they did not know whether or not 
expansion had occurred during the Brg treatments,  only that the final 
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product was contracted and thus "indistinguishable from naturally 
occurring specimens." Kozak (1976) conducted extensive biotite 
oxidation experiments with Brg solutions containing various amounts of 
KCl to inhibit  expansion. He found that with high levels of K in 
solution, less oxidation was obtained than with lower levels,  but he was 
unable to completely stop the oxidation process even when the solutions 
were saturated with KCl. Anonette (1983) treated 10- to 20-jjm biotite 
samples with HgOg solutions containing 1 M K to inhibit  expansion and 
obtained oxidation of as much as 54% of the structural Fe(II).  He 
concluded that "oxidation of structural Fe in contracted biotites is 
possible" and that deprotonation of structural hydroxyls was probably 
the charge-balancing reaction for this process. Treatments of large 
flakes of biotite by the same HgOg-l M K solutions, however, resulted in 
oxidation and extensive exfoliation of the flakes (Scott and Amonette,  
1988), thus suggesting that maintenance of contracted micas in the 
oxidation experiments of Amonette (1983) may not have occurred. 
In this chapter,  then, the question of whether Fe oxidation can 
occur when the mica layers remain contracted is examined once more by 
treating three micas having a range of Fe contents in buffered HgOg-l M 
K solutions for various periods and monitoring the redox status of the 
micas, the chemical composition of the effluent and the extent of 
exfoliation that occurs during treatment.  Inasmuch as an estimate of 
the latter quantity can be obtained from the relative dissolution rates 
of treated and untreated samples in a non-exfoliating "matrix" solution, 
a quantitative kinetic approach to the dissolution process is developed. 
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In subsequent chapters,  the structural changes accompanying oxidative 
weathering of these micas and the effects of K-depletion on the 
oxidative weathering processes will  also be examined. 
Experimental 
Micas 
Samples of three trioctahedral micas were obtained from Ward's 
Scientific Establishment,  Rochester,  NY (phiogopite,  biotite) and from 
Continental Minerals,  Tucson, AZ (siderophyllite).  These were a 
phlogopite from North Burgess, Ontario, Canada; a magnesian biotite from 
Bancroft,  Ontario, Canada; and a siderophyllite from the Little Patsy 
Mine, near Pine, Jefferson Co.,  Colorado, Aqueous suspensions of the 
micas were ground in a Waring blender to pass through a 50-wm sieve and 
then the 10- to 20-wm size-fractions were recovered by sedimentation. 
After drying, the micas were resuspended in acetone and subjected to a 
brief sonification treatment to remove any ultrafine particles that may 
have remained. 
After a qualitative determination of the major elements present in 
the micas by energy-dispersive x-ray fluorescence spectroscopy, 
quantitative determinations of these elements were made by 
inductively-coupled argon plasma atomic emission spectroscopy (ICP-AES). 
For the ICP-AES analyses, the biotite and siderophyl1ite were digested 
in HF-HgSO^ and the excess F complexed by addition of H^BOg prior to 
analysis,  whereas the phlogopite sample was analyzed directly as a 0.1% 
95 
aqueous suspension. The quantities of K, Rb, and Fe in all  samples were 
determined by atomic absorption spectroscopy of HF digests.  Fe(II) in 
these samples was analyzed by the V(V) method described in chapter II ,  
Fe(III) by difference from total Fe. These data were used to calculate 
structural formulas for each mica on the basis of 44 positive and 
negative charges for each unit  layer.  Aluminum occupancies of the 
octahedral and tetrahedral sheets were assigned based on x-ray 
diffraction evidence using the method described in chapter III ,  rather 
than by assuming all  vacancies occurred in the octahedral sheet as is 
conventionally done. The distribution of atoms and charges among the 
various sites in the structure of each mica is shown in Table IV-1. 
Weathering solutions 
Two weathering solutions, termed the "HgOg" and the "matrix" 
solutions, were used to treat the mica samples. The "HgOg" solution 
consisted of a 25% HgOg-l M KOAc(pH 4.7)-0.1 M KgEDTA mixture and was 
used for oxidative weathering treatments.  The "matrix" solution had the 
same salt  content as the "HgOg" solution but did not include the 
oxidant.  
The solutions were prepared by carefully neutralizing the 
appropriate quantities of KOH and KgEDTA with glacial acetic acid in a 
wide-mouth plastic flask partly submerged in a cold water bath. When 
all  the solid had dissolved, sufficient cold (ca. 5°C) 30% HgOg or HgO 
was added to cool the solution. This mixture was then passed through a 
1- to 2-wm porosity Teflon fi l ter membrane by vacuum fil tration, made to 
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TABLE IV-1.  Distr ibut ion of  atoms and charges  among the s t ructural  
s i tes  of  micas  based on analyses  of  ground,  sedimented 
samples  (10-  to  20-wm diameter  s ize-fract ion)  and 
assuming 44 posi t ive and negat ive charges  per  uni t  cel l  
Atom Phlogopi te  Bi  o t i te  Siderophyl l i te  
Inter layer  
K 1 .50 1.83 1.78 
Na 0 .09 0.15 0.09 
Rb 0 .00 0.00 0.07 
Ca 0 .11 0.00 0.00 
Occupancy 1 .70 1.98 1.93 
Charge +1.81 +1.98 +1.93 
Octahedral® 
Ti  0 .15 0.29 0.04 
A1 0 .27 0.41(0.13)  1 .70(1.56)  
Fe(III)  0 .00 0.13 0.05 
Fe(II)  0 .27 1 .91 3.24 
Mg 5 .13 2.78 0.01 
Mn 0 .01 0.11 0.15 
Zn 0 .00 0.01 0.01 
Li  0 .04 0.10 0.52 
Occupancy 5 .88 5.75 5.72 
Charge +12.29 +12.53 +12.75 
Tetrahedral® 
Si  5 .92 6.34 5.74 
A1 2 .08 1.38(1.66)  2 .12(2.26)  
Occupancy 8 .00 7.72 7.86 
Charge +29.92 +29.50 +29.32 
Anions 
0  20.00 20.00 20.00 
F 1 .85 2.31 3.14 
OH 2 .15 1 .69 0.86 
Occupancy 24.00 24.00 24.00 
Charge -44.00 -44.00 -44.00 
Net  Charge (VI)  +0.29 +0.53 +0.75 
Net  Charge (IV) -2 .08 -2.50 -2.68 
Layer  Charge -1 .80 -1.97 -1.93 
A1 d is t r ibut ion between octahedral  and te t rahedral  sheets  was 
adjusted to  f i t  x-ray diffract ion data  (numbers  in  parentheses  refer  to  
convent ional  s i te  assignments  that  a l low no te t rahedral  vacancies) .  
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volume in  a  glass  volumetr ic  f lask with HgO or  30% HgOg,  and s tored in  a  
c lean plast ic  container  a t  B'C unt i l  used.  When the  HgOg solut ion was 
prepared in  this  manner ,  HgOg levels  between 25 and 30% were usual ly  
obtained.  These solut ions were adjusted to  25% HgOg immediately before  
use by di lut ing with an appropriate  amount  of  the matr ix  solut ion.  
During use the HgOg solut ion was kept  a t  room temperature  in  an aluminum 
foi l -covered plast ic  container  away from direct  sunl ight .  Reagent  grade,  
chemicals  were used in  a l l  instances ,  and the HgOg contained small  
amounts  (4  ug/ml)  of  NaNO^ and Na^SnOg'SHgO that  were added by the 
manufacturer  to  minimize autodecomposi t ion.  
Apparatus  
The apparatus  consis ted of  10 react ion vessels  mounted in  a  rack 
and submerged in  an 80°C water  bath.  The react ion vessels  were 
connected by small-bore Teflon and Tygon tubing to  a  20-channel  
per is ta l t ic  pump that  metered f resh weather ing solut ion from a  common 
feed bot t le  into the vessels  a t  a  constant  ra te  (4 ml hr"^)  and a lso 
t ransferred "spent"  weather ing solut ion ( i .e . ,  eff luent)  from the 
vessels  into individual  sampling bot t les .  The react ion vessels  (Figure 
IV-1) ,  which were adapted from 47-mm Teflon in- l ine f i l ter  holders  
(Savi l lex Corp. ,  Minnetonka,  MN),  were vented to  the atmosphere to  avoid 
a  pressure bui ld-up that  might  resul t  from the decomposi t ion of  HgOg.  
The mica samples  se t t led in  a  very thin layer  on the bot tom of  the 
react ion vessels  and were in  constant  contact  with the weather ing 
solut ion.  A re la t ively constant  volume (ca .  10 ml)  of  weather ing 
FIGURE IV-1.  Schematic  of  a  react ion vessel  used to  weather  micas  by 














solut ion was maintained in  the react ion vessels  by suspending a  Teflon 
immersion f i l ter  f i t ted with a  1-  to  2-wm porosi ty  Teflon membrane from 
the top of  each vessel .  All  eff luent  col lected into the sampling 
bot t les  was drawn through the immersion f i l ters  by the per is ta l t ic  pump 
to  el iminate  any mica par t ic les  (2-um or  greater)  that  may have been in  
suspension.  At  no point  in  the apparatus  did the weather ing solut ions 
come into contact  with glass  or  metal l ic  surfaces  that  could have been 
sources  of  contaminat ion.  
Experimental  design 
Two experiments ,  which wil l  be referred to  as  the "main" and the 
"reference s ta te"  experiments ,  were performed in  th is  s tudy.  For  both 
experiments ,  the  temperature  of  the water  bath was maintained a t  80°C 
and the f low rate  of  weather ing solut ion through the reactor  vessels  was 
4  ml hr"^.  
The "main" experiment  involved the t reatment  of  1300-mg mica 
samples  for  per iods of  2 ,  4 ,  6 ,  12,  24 or  36 days with the HgOg solut ion 
or  for  36 days with the matr ix  solut ion.  Three react ion vessels  were 
ass igned to  each mica.  Two of  these were used to  obtain the H^Og 
weather ing data ,  the third for  the matr ix  weather ing data .  At any s tage 
in  the experiment ,  samples  from each of  the three micas  were receiving 
the same combinat ion of  t reatment  per iod and weather ing solut ion.  Thus,  
the  12-day HgOg-treated samples  for  a l l  three micas  were run 
s imultaneously and with the same batch of  weather ing solut ion.  For  each 
mica sample,  eff luent  samples  were taken af ter  2 ,  4 ,  and 6 days and 
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every 3 days thereaf ter  unt i l  the  sample was terminated.  At  the  t ime of  
sampling,  the volume of  eff luent  was measured with a  plast ic  graduated 
cyl inder ,  an a l iquot  was taken for  immediate  determinat ion of  the HgOg 
concentrat ion,  and 60-125 ml of  the eff luent  were s tored in  an 
acid- leached plast ic  bot t le  for  la ter  analysis  of  A1,  Mg and Fe content .  
At  the  end of  a  t reatment  per iod,  the mica samples  were terminated 
by the fol lowing procedure.  The react ion vessels  were disconnected from 
the per is ta l t ic  pump and the rack removed from the water  bath.  A 
syr inge was used to  add 10 ml of  1 .3  M KCl to  the react ion vessel  being 
terminated.  The vessel  was removed from the rack,  opened,  and the 
contents  t ransferred quant i ta t ively using a  0 .5  M KCl-60% acetone 
solut ion into a  300-ml Mil l ipore f i l ter  holder  f i t ted with a  pre-wet ted 
0.2-ym porosi ty  Teflon f i l ter  membrane.  Vacuum was appl ied to  the 
f i l ter  apparatus  and the sample washed several  t imes with 0 .5  M KCl-60% 
acetone,  several  t imes with 60% acetone to  remove the excess  sa l ts ,  and 
then f inal ly  several  t imes with 100% acetone,  A cover  glass  was placed 
on top of  the f i l ter  apparatus  and the vacuum was lef t  on for  a  couple  
hours  unt i l  the  sample was completely dry.  When dry,  the sample was 
quant i ta t ively t ransferred to  a  tared glassine weighing paper ,  weighed 
and then t ransferred to  a  tared glass  vial  for  s torage.  
Fe(II)  analyses ,  by the method developed in  Chapter  I I ,  were 
performed on subsamples  taken from the s torage vials .  The Fe(III)  
content  of  the samples  was calculated as  the difference between the 
total  Fe measured in  the untreated mica and the Fe(II)  measured in  the 
HgOg-treated mica.  The absolute  accuracy of  the Fe(III)  data .  
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therefore ,  i s  l imited by the assumption that  no change occurred in  the 
total  Fe content  as  a  resul t  of  t reatment .  
Duplicate  runs were made of  the main experiment  and means of  the 
two sets  of  data  are  reported.  The eff luent  concentrat ion data  reported 
for  the HgOg-treated samples ,  however ,  are  means of  the samples  t reated 
for  the 24-  and 36-day per iods in  both runs and,  thus ,  include 4 
observat ions ra ther  than 2 .  
The "reference s ta te"  experiment  involved the t reatment  of  150-mg 
mica samples  for  12 days by the matr ix  weather ing solut ion a t  80°C.  For  
each mica,  three samples  that  differed according to  the pretreatment  
they had received were run.  Two of  the samples  had been weathered for  
36 days,  one by the HgOg solut ion and one by the  matr ix  solut ion.  The 
third sample had received no pretreatment .  As in  the main experiment ,  
eff luent  samples  were col lected af ter  2 ,  4 ,  6 ,  9  and 12 days of  
t reatment ,  s tored and la ter  analyzed for  A1,  Mg and Fe content .  The 
mica samples  were terminated as  descr ibed for  the main experiment ,  but ,  
because of  the l imited quant i t ies  involved,  no fur ther  chemical  analyses  
were made.  Only one repl icat ion of  th is  experiment  was performed.  
Eff l  uent  analyses  
The HgOg concentrat ions in  the eff luent  samples  were determined by 
the fol lowing procedure.  Immediately af ter  sampling,  a  0.2-ml a l iquot  
of  eff luent  was t ransferred to  a  f lask containing 3 ml of  4 .5  M H^SO^ 
and about  50 ml of  HgO. This  solut ion was t i t ra ted to  the f i rs t  
permanent  pink endpoint  with 0 .1  M KMnO^ that  had been s tandardized with 
103 
primary s tandard grade ferrous ethylenediammonium sulfate  
[FeC2H^(NHg)2(S0^)2.4H20].  
To determine the A1,  Mg and Fe concentrat ions,  the eff luent  samples  
were f i rs t  di luted 1:10 with HgO and placed in  random order .  Then 
dupl icate  subsamples  (0 .5  ml)  were analyzed by f low inject ion into a  
Sciex Elan Model  250 induct ively coupled argon plasma mass spectrometer  
f i t ted with a  pneumatic  nebul izer .  Because some instrumental  dr i f t  
occurred,  s tandard solut ions were analyzed af ter  every 5 eff luent  
samples .  A s tandard curve was calculated for  each eff luent  sample from 
i ts  posi t ion between the actual  s tandards analyzed and assuming a  l inear  
dr i f t  with t ime.  This  l inear ly- interpolated,  t ime-dependent  s tandard 
curve was then used to  calculate  the concentrat ions of  A1 ,  Mg and Fe in  
the sample from the counts  regis tered by the instrument .  
Kinet ic  model  
To quant i fy  the ra tes  of  dissolut ion observed and thus a id  in  the 
comparisons between the effects  of  the matr ix  and HgOg t reatments ,  a  
kinet ic  model  was developed that  al lowed the calculat ion of  an empir ical  
ra te  constant  for  each set  of  data .  The model  i s  based on the out l ine 
of  heterogeneous kinet ic  theory presented in  a  ser ies  of  papers  by 
Del  mon {1961a,  1961b,  1961c)  and incorporates  the effects  of  par t ic le  
s ize  and shape to  arr ive a t  an expression for  the cumulat ive f ract ion of  
the sample dissolved as  a  funct ion of  t ime,  A formal  der ivat ion is  
presented in  the Appendix.  
In  br ief ,  the model  assumes that  dissolut ion proceeds a t  a  uniform 
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ra te  along a l l  three axes of  the mica par t ic les  and that  the surface 
free  energy of  a l l  cat ion dissolut ion s i tes  is  the same.  The mica 
par t ic les  are  assumed to  be r ight  cyl inders  of  uniform s ize  and to  be of  
homogeneous composi t ion and densi ty .  Because the mica par t ic les  were 
expected to  cleave more readi ly  along the a-b plane during the gr inding 
process ,  an ini t ia l  diameter  to  height  ra t io  of  2:1 was chosen.  The 
untreated par t ic les  were a lso assumed to  have the same mass as  a  20-um 
diameter  spherical  par t ic le .  On th is  basis ,  the ini t ia l  diameter  and 
height  of  the cyl indrical  par t ic les  was calculated to  be 22 and 11 urn,  
respect ively.  Last ly ,  the volume of  a  cat ion dissolut ion s i te  was 
'  assumed to  be that  of  a  cube whose s ides  were roughly one-third of  the 
average of  the b and c  uni t  cel l  dimensions in  length,  or  about  0 .32 nm. 
Fol lowing these assumptions,  the  fract ional  amount  (a)  of  A1,  Mg,  
or  Fe that  dissolved from the mica in  t ime t  is  given by 
a = 1 -
* (°o '  + , îo  
1 + 2\ + 
j!iP£!î.)(x)2 
=0 
]  [IV-l]  
where a_ i s  the s tar t ing half-height  of  the par t ic le ,  the apparent  U a  pp 
ra te  constant ,  z  the  depth of  a  cat ion s i te  on the surface of  the 
par t ic le ,  and x a  factor  for  the aspect  ra t io  of  the par t ic le .  The 
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apparent  ra te  constant  for  a  given set  of  data ,  was obtained by 
successive approximations once the other  parameters  had been se t .  
Resul ts  and Discussion 
Oxidat ion 
The mean oxidant  concentrat ions in  the eff luent  from the 24-  and 
36-day HgOg-treated samples  are  shown in  Figure IV-2.  Overal l ,  i t  is  
clear  that  high levels  of  HgOg were maintained in  a l l  t reatments .  The 
HgOg concentrat ions in  the phlogopi te  and s iderophyl1i te  eff luents  were 
s imilar  and averaged 20-22% during the course of  the experiment .  The 
b iot i te  t reatments  showed a  more complicated pat tern,  however .  During 
the f i rs t  few days of  t reatment ,  successively lower HgOg concentrat ions 
were measured unt i l  a  minimum concentrat ion of  14.7% was reached in  the 
4-day samples .  For  the  next  week or  so,  the HgOg concentrat ion rose 
s teadi ly  to  about  the  19% level .  Thereaf ter ,  a  much s lower increase in  
HgOg levels  occurred unt i l  the  f inal  concentrat ions measured were in  the 
20-21% range,  just  below those of  the other  micas ,  
A cer ta in  amount  of  HgOg decomposi t ion would be expected to  occur  
s imply by heat ing the weather ing solut ion a t  80°C.  Thus,  the  decrease 
in  HgOg concentrat ion to  the s teady level  observed in  the phlogopi te  
t reatment  i s  expected.  The d i f ferent  eff luent  HgOg concentrat ions for  
the micas ,  however ,  ref lect  var ia t ions in  the abi l i ty  of  the mica 
samples  to  catalyze the decomposi t ion of  HgOg ra ther  than var ia t ions in  
the suscept ibi l i ty  of  the micas  to  s t ructural  Fe oxidat ion,  inasmuch as  
FIGURE IV-2.  Concentrat ions of  HgOg measured in  the eff luent  during 
t reatments  of  1300-mg mica samples  by 25% HgOg-l  M 
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the  amount  of  HgOg required to  oxidize a l l  the Fe in  any of  the mica 
samples  i s  negl igible  re la t ive to  the losses  in  HgOg t i ter  observed.  
Because Fe i s  a  wel l -known catalyst  for  HgOg decomposi t ion (Schumb e t  
a l . ,  1955) ,  the  micas  with high Fe content  (s iderophyl l i te)  would be 
expected to  cause more HgOg decomposi t ion and resul t  in  lower eff luent  
HgOg concentrat ions than micas  with less  s t ructural  Fe (biot i te ,  
phlogopi te) .  Indeed,  a  comparison of  the s iderophyl l i te  and phlogopi te  
data  supports  th is  content ion.  The HgOg levels  for  the biot i te  
t reatment ,  however ,  are  much lower than those for  the s iderophyl l i te  
even though the s iderophyl l i te  has  about  50% more s t ructural  Fe than the 
biot i te .  Obviously,  a  second factor  must  be involved.  
Rates  of  heterogeneous catalysis  are  usual ly  correlated with the 
total  surface area of  the catalyt ic  agent .  One possible  explanat ion of  
the HgOg data ,  therefore ,  i s  that  a  large increase in  the surface area 
of  the biot i te  sample occurred during t reatment  by HgOg.  Evidence in  
support  of  this  explanat ion comes from other  s tudies  of  biot i te  
weather ing with cont inuously f lowing 30% HgOg-l  M KOAc-O.l  M KgEDTA 
solut ions (near ly  ident ical  to  the HgOg solut ion used in  the present  
s tudy) .  Amonet te  (1983)  observed a  pat tern in  the eff luent  HgOg 
concentrat ions l ike that  seen in  the present  s tudy when 10-  to  20-pm 
Faraday biot i te  samples  were t reated with the weather ing solut ion a t  
80°C.  Furthermore,  when macroflakes of  the Faraday biot i te  were t reated 
under  the same condi t ions,  there  was v is ible  evidence of  extensive 
exfol ia t ion (Scot t  and Amonet te ,  1988) .  Thus,  by assuming,  f i rs t ,  that  
macro f lakes  and 10-  to  20-um diameter  mica f lakes  respond s imilar ly  to  
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HgOg t reatment  and,  second,  that  analogous pat terns  in  HgOg 
concentrat ion data  for  the 10-  to  20-um micas  are  caused by a  common 
factor ,  i t  is  reasonable  to  conclude that  exfol ia t ion was responsible  
for  the dis t inct  pat tern of  the biot i te  HgOg concentrat ion data  in  the 
present  s tudy.  
No oxidat ion of  s t ructural  Fe(II)  occurred in  any of  the micas  as  a  
resul t  of  t reatments  by the matr ix  solut ion (data  not  shown),  but  
oxidat ion did occur  during the HgOg t reatments  (Figure IV-3) .  The 
b iot i te ,  which exhibi ted a  roughly 7-fold increase in  Fe(III)  content ,  
was c lear ly  the mica that  was most  suscept ible  to  oxidat ion by the HgOg 
t reatment .  The s iderophyl l i te  showed a  re la t ively small  increase in  
Fe(III)  content  as  a  resul t  of  t reatment  and the phlogopi te  remained 
unchanged.  
These resul ts  were surpr is ing because the s iderophyl! i te ,  which had 
more Fe(II)  than the biot i te ,  would be expected to  show more oxidaton.  
The small  extent  of  oxidat ion in  the s iderophyl l i te ,  however ,  may be 
re la ted to  the fact  that  i t  showed l i t t le  evidence of  exfol ia t ion during 
the HgOg t reatment .  In contrast ,  the biot i te  showed evidence for  
substant ia l  exfol ia t ion during the f i rs t  week of  t reatment ,  which i s  
a lso when the majori ty  of  the oxidat ion occurred.  I t  would seem, 
therefore ,  that  the processes  of  oxidat ion and exfol ia t ion are  re la ted,  
al though the exact  nature  of  the relat ionship cannot  be discerned from 
these data  a lone.  
FIGURE IV-3.  Content  of  Fe(III)  in  1300-mg mica samples  af ter  t reatment  
for  var ious per iods by 25% HL0,-1 M KOAc-0.1 M K.EDTA 













The dissolut ion of  the micas  during the main experiment  was 
monitored by measuring the concentrat ions of  A1,  Mg and Fe in  the 
eff luent  samples .  The cumulat ive dissolut ion data  for  the matr ix  and 
HgOg t reatments  are  given in  Figures  IV-4,  IV-5 and IV-6.  Because the 
s iderophyl l i te  contained very small  amounts  of  Mg (Table  IV-1) ,  Mg 
eff luent  data  for  this  mica were a t  the detect ion l imit  and,  therefore ,  
are  not  included in  Figure IV-5.  
Looking f i rs t  a t  dissolut ion by the matr ix  weather ing solut ion,  i t  
can be seen that ,  in  general ,  s t ra ight- l ine plots  with only a  s l ight  
degree of  curvi l inear i ty  were obtained.  A non-l inear  curve was obtained 
for  the phlogopi te  Fe data  in  Figure IV-6,  but  th is  probably s tems from 
analyt ical  d i f f icul t ies  associated with the low Fe content  of  the mica.  
The precis ion,  as  shown by the range bars  for  the 21-day data ,  was very 
good.  The micas  var ied in  solubi l i ty  with the biot i te  and phlogopi te  
being the most  easi ly  dissolved and the s iderophyl l i te  much less  
soluble .  And,  for  each mica,  the cumulat ive f ract ions of  A1,  Mg and Fe 
dissolved af ter  21 days were ident ical ,  which suggests  that  the 
dissolut ion was homogeneous ( i .e . ,  no select ive dissolut ion occurred) .  
Thus,  a t  the end of  21 days of  t reatment ,  11% of  the biot i te ,  9% of  the 
phlogopi te  and 4% of  the s iderophyl l  i te  had dissolved.  
The dissolut ion experiments  with the HgOg weather ing solut ion 
yielded a  more complicated set  of  data  (Figures  IV-4,  IV-5 and IV-6) .  
During the f i rs t  9 days of  t reatment ,  plots  having varying degrees  of  
curvi l inear i ty  were obtained.  Thereaf ter ,  essent ia l ly  s t ra ight- l ine 
FIGURE i y - 4 .  Cumulat ive amounts  of  Al measured in  the eff luent  during 
t reatments  of  1300-mg mica samples  by the matr ix  (1  M 
KOAc-0.1 M KgEDTA) and HgOg (25% HgOg + matr ix)  
solut ions a t  80°C 
SOLUBLE Al (CUMULATIVE % 
— ro 
OI oo 
OF ORIGINAL IN MICA) 
(/) w 
I 
FIGURE IV-5.  Cumulat ive amounts  of  Mg measured in  the eff luent  during 
t reatments  of  1300-mg mica samples  by the matr ix  (1  M 
KOAc-0.1 M KgEDTA) and HgOg (25% HgOg + matr ix)  
solut ions a t  80°C 
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FIGURE IV-6.  Cumulat ive amounts  of  Fe measured in  the eff luent  during 
t reatments  of  1300-mg mica samples  by the matr ix  (1  M 
KOAc-0.1 M KgEDTA) and HgOg (25% HgOg + matr ix)  
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plots  were obtained,  a l though the precis ion of  the data  was poorer  than 
in  the matr ix  t reatments .  The b iot i te  was much more suscept ible  to  
dissolut ion by the HgOg solut ion than the other  two micas ,  probably as  a  
resul t  of  the extensive exfol ia t ion and oxidat ion that  occurred during 
the f i rs t  week of  t reatment ,  
A comparison of  the A1,  Mg and Fe data  for  the HgOg-treated biot i te  
a lso shows that  equivalent  f ract ions of  Fe and A1 were recovered in  the 
eff luent  (17% af ter  21 days) ,  but  that  a  substant ia l ly  lower f ract ion of  
Mg was recovered (12%) during the same t ime per iod.  Most  of  this  
difference occurred during the f i rs t  9 days of  t reatment  when the ra tes  
of  oxidat ion and exfol ia t ion were highest .  In fact ,  as  wil l  be shown in  
the next  sect ion,  the rates  of  A1,  Mg and Fe d issolut ion af ter  the f i rs t  
9 days were essent ia l ly  ident ical .  Thus,  the  preferent ia l  dissolut ion 
of  the t r ivalent  cat ions seems to  be l inked direct ly  to  the exfol ia t ion 
and oxidat ion processes .  One aspect  of  the oxidat ion process  that  could 
account  for  the A1 and Fe d issolut ion resul ts  involves  the eject ion of  
octahedral  cat ions from the mica s t ructure  to  balance the excess  charge 
created by the oxidat ion of  s t ructural  Fe(II) .  The preferent ia l  
e ject ion of  t r ivalent  A1 and Fe may occur  because of  their  small  ionic  
radi i  (51 and 64 pm, respect ively)  and high charge re la t ive to  Mg 
(divalent ,  66 pm ionic  radius) .  I t  is  probable ,  therefore ,  that  the 
higher  A1 and Fe levels  in  the eff luent  are  real ly  a  manifestat ion of  
this  charge-balancing process  ra ther  than a  solvat ion process  per  se .  
Last ly ,  a  comparison of  the amounts  of  dissolut ion occurr ing in  the 
matr ix  and the HgOg solut ions yields  some interest ing resul ts .  The 
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biot i te  seemed to  be more soluble  in  the HgOg solut ion,  a l though once 
account  i s  made for  the effects  of  cat ion eject ion (by extrapolat ion of  
the 9-  to  21-day dissolut ion curve to  t ime 0) ,  the amounts  of  
dissolut ion are  roughly comparable .  The other  two micas ,  however ,  were 
near ly  twice as  soluble  in  the matr ix  solut ion as  in  the HgOg solut ion.  
Recal l ing that  dissolut ion i s  a  surface-control led process ,  two features  
of  the HgOg solut ions may have been responsible  for  the lower 
dissolut ion observed.  Firs t ,  the HgOg molecule ,  because of  i t s  s t rongly 
dipolar  nature ,  would be expected to  form s t ronger  hydrogen bonds with 
the oxygens on the mica surface than HgO. As a  resul t ,  the 
accessibi l i ty  of  the surface of  the mica to  other  molecules  (OAc",  
EDTA"^) that  were act ively involved in  complexing and dissolving 
s t ructural  cat ions was less ,  and the overal l  amount  of  mica dissolved 
less .  Second,  the decomposi t ion of  HgOg,  which was catalyzed a t  least  
par t ly  by the mica surfaces ,  resul ted in  the product ion of  Og.  Because 
of  i t s  non-polar  hydrophobic  nature ,  the Og may have become physical ly  
adsorbed to  the mica surface or  formed bubbles  that  f loated their  way to  
the top of  the solut ion and escaped into the atmosphere (both of  these 
phenomena were easi ly  seen when examining the contents  of  the react ion 
vessels  during the HgOg t reatments) .  The physical  adsorpt ion of  Og,  
therefore ,  l ike  the bonding of  HgOg.  may have decreased the effect ive 
surface area avai lable  for  dissolut ion by the HgOg weather ing solut ion 
and,  as  a  consequence,  caused less  mica to  be dissolved.  
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Kinet ics  of  dissolut ion 
The apparent  ra te  constants  (k^pp)  calculated with Eq.  [ IV-1]  
for  the dissolut ion of  the matr ix-  and HgOg-treated mica samples  in  the 
main experiment  are  summarized in  Table  IV-2.  Because of  the 
exfol ia t ion that  seemed to  have occurred in  the biot i te  during the f i rs t  
few days of  t reatment  by HgOg solut ions,  the ra te  constants  were 
calculated for  the 9-  to  21-day per iod when the react ions seemed to  have 
s tabi l ized (Figures  IV-4,  IV-5,  and IV-6) .  In  the matr ix  t reatment ,  the 
mean k^pp values  ranged from i .6  to 4.9 ( lOT* s~^) ,  depending on the 
mica.  With t reatment  by HgOg,  s imilar  k^pp values  were obtained for  the 
biot i te ,  whereas  those for  the phlogopi te  and s iderophyl l i te  were about  
60% lower  than in  the matr ix  t reatment .  For  a  given mica,  the k ,„-
app 
values  were consis tent  for  Al ,  Mg,  and Fe dissolut ion,  thus confirming 
the occurrence of  congruent  dissolut ion af ter  the f i rs t  9 days of  
t reatment .  In  general ,  then,  the t rends suggested by the k,„„ values  
app 
for  the main experiment  mirror  those of  the raw eff luent  data  presented 
in  Figures  IV-4,  IV-5,  and IV-6.  
By d i f ferent ia t ing Eq.  [ IV-1]  with respect  to  t ime and set t ing t  = 
0 ,  an expression for  the ini t ia l  dissolut ion ra te .  
da 
dt 
( k  ) ( z ) { \ ^  + 4A + 3)  
= 5  .  [IV-2]  
t=0 ao(A< + 2A + 1)  
i s  obtained.  I t  can a lso be shown that  
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TABLE IV-2.  Apparent  ra te  constants  (kgpp)  for  
the dissolut ion of  Al ,  Mg and Fe 
f rom 1300-mg mica samples  t reated 
with matr ix  (1 .0  M KOAc-0.1 M 
KgEDTA) or  HgOg (25% HgOg + matr ix)  
solut ions during a  9-  to  21-day 
per iod in  a  f low-through reactor  a t  
a t  80°C 
Treatment  
Sample Matr ix  
Phlogopi te  
A1 
Mg 
3 .9  
4.2 
1 .7  
1 .3  
Mean 4 .0  1 .5  




5 .1  
4 .9  
4.6 
5 .4  
4 .9  
4 .9  
Mean 4 .9  5 .1  
Siderophyl l i te  
A1 
Fe 
1 .7  
1 .5  
0.8 
0.6 
Mean 1.6  0.7 
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i l  -  (^app)(z)(Sgff)  
t=0 ^total  
C l V - 3 ]  
where z  i s  the depth of  a  cat ion dissolut ion s i te  and and V^g^ai  
are  the "effect ive" surface area and total  volume of  the sample,  
respect ively.  
The concept  of  "effect ive" surface area is  analogous to  that  of  the 
act ivi ty  of  an aqueous species .  Just  as  the act ivi ty  of  an aqueous 
species  changes a t  different  ionic  s t rengths  (even though the 
concentrat ion remains constant) ,  the  "effect ive" surface area of  a  
par t ic le  can change with the extent  of  compet i t ive adsorpt ion by the 
re la t ively iner t  components  (e .g . ,  HgO, Og,  HgOg) of  the weather ing 
solut ion,  even though the total  surface area remains constant .  Thus,  
where Y g i s  the fract ion of  the total  surface area (S^q^^i)  that  i s  
complexed by the s t rong complexing agents  in  the weather ing solut ion 
( i .e . ,  the fract ion that  i s  "act ively" dissolving) .  For  convenience,  
the  of  a  mica immersed in  the matr ix  solut ion a t  80°C is  chosen as  
a  reference s ta te  and ,  under  these condi t ions,  i s  equal  to  1 .  
Subst i tut ion of  Eq.  [ lV-4]  in  Eq.  ClV-3]  yields  
^eff  "  ^^s^^^total  [ I V - 4 ]  
da 
total  [ I V - 5 ]  
^total  
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I t  can be  seen f rom Eq.  ClV-53,  therefore ,  tha t  a  compar ison of  in i t ia l  
d issolut ion ra tes  for  mica  samples  having ident ica l  volumes,  ca t ion s i te  
dimensions ,  and ef fec t ive  surface  areas  can be  made d i rec t ly  from the  
k.  nm va lues .  The s i tuat ion i s  compl icated,  however ,  when the  ef fect ive  
app 
surface  areas  of  the  mica  samples  a re  d i f ferent .  Exfol ia t ion of  the  
mica  samples  dur ing t rea tment ,  for  example ,  resul ts  in  an increase  in  
Stota i  •  A change in  the  degree  of  compet i t ive  adsorpt ion by the  
re la t ively  iner t  components  of  a  weather ing solut ion (e .g .  HgO,  Og,  and 
HgOg) f rom that  of  the  matr ix  solut ion would cause  a  change in  Yg.  The 
model  used to  ca lcula te  k^pp,  however ,  assumes tha t  Yg i s  a lways  1 ,  and 
i t  does  not  a l low for  any change in  dur ing t rea tment  o ther  than 
by d issolut ion.  Clear ly ,  then,  the  ef fects  of  exfol ia t ion and 
compet i t ive  adsorpt ion are  included in  the  values  shown in  Table  
app 
IV-2.  Because  ident ica l  concentra t ions  of  OAc" and EDTA"^ ( the  
compounds  responsible  for  near ly  a l l  of  the  dissolut ion)  were  present  in  
the  matr ix  and HgOg weather ing solut ions ,  i t  i s  l ikely  that  the  
d i f ferent  k^pp values  obta ined for  a  mica  t rea ted by these  solut ions  are  
not  the  resul t  of  a  change in  the  fundamental  d issolut ion mechanism,  but  
ra ther  are  due to  d i f ferences  in  the  ef fect ive  surface  area  ( i .e . ,  Yg 
and )  of  the  mica  par t ic les .  To separa te  the  changes  in  ef fect ive  
surface  area  caused by exfol ia t ion from those  caused by compet i t ive  
adsorpt ion,  a  second exper iment  was  conducted.  
This  exper iment ,  termed the  "reference  s ta te"  exper iment ,  involved 
the  measurement  of  the  k^^„ values  in  the  matr ix  solut ion a t  80°C for  
app 
untreated mica  samples  and for  mica  samples  tha t  had a l ready received 36 
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days  of  t rea tment  by the  matr ix  or  HgOg so lut ions  in  the  "main"  
exper iment .  The 150-mg samples  were  t rea ted wi th  the  matr ix  solut ion 
under  the  same condi t ions  as  in  the  main exper iment .  Eff luent  data  were  
col lec ted for  the  2- ,  4- ,  6- ,  9- ,  and 12-day t ime per iods  and,  a f ter  
correct ing the  a^  and X va lues  in  Eq.  [ IV-IJ  for  the  d issolut ion that  
occurred dur ing the  "main"  exper iment ,  k.  va lues  were  ca lcula ted .  
app 
Values  of  the  apparent  ra te  constant ,  were  not  ca lcula ted  for  the  
app 
Fe e f f luent  data ,  however ,  because  of  Fe contaminat ion in  the  weather ing 
solut ion that  was  used in  th is  exper iment .  As a  check on the  ef fects  of  
sample  s ize ,  k^pp values  for  the  f i rs t  12-days  of  d issolut ion of  1300-mg 
samples  by the  matr ix  solut ion in  the  main exper iment  were  a lso  
ca lcula ted .  
The k.  nn  va lues  that  were  obta ined for  A1 and Mg d issolut ion of  
app 
previously  weathered and unweathered mica  samples  by the  matr ix  solut ion 
are  summarized in  Table  IV-3.  Because  a l l  of  these  k ,„„  values  were  
app 
obta ined in  the  "reference  s ta te ,"  yg = 1 ,  and any d i f ference  in  the  
ra te  constants  can be  in terpre ted purely  in  terms of  d i f ferences  in  
^ to ta l  •  
The matr ix  and HgOg pre t rea tments  had l i t t le ,  i f  any,  ef fec t  on the  
ra te  constant  for  phlogopi te  d issolut ion.  These  ra te  constant  da ta ,  
thus ,  corroborate  previous  evidence showing tha t  no exfol ia t ion of  the  
phlogopi te  occurred dur ing the  HgOg t rea tment .  Some very  large  
di f ferences  in  k^pp values  were  observed for  the  b iot i te ,  however .  The 
matr ix  pre t rea tment  resul ted  in  a  s l ight ly  lower  ra te  constant  than in  
the  untreated sample .  This  probably  was  a  resul t  of  an e l iminat ion of  
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TABLE IV-3.  Apparent  ra te  constants  (k^pp)  for  the  dissolut ion of  Al  
and Mg f rom 150-mg and 1300-mg mica  samples  t rea ted wi th  
the  matr ix  solut ion (1 .0  M KOAc-0.1  M KgEDTA) for  12 days  
in  a  f low-through reactor  ce l l  a t  80°C [micas  had 
received no pre t rea tment  or  had been t rea ted for  36 days  
under  s imi lar  condi t ions  wi th  e i ther  the  matr ix  or  the  
HgOg (25% HgOg + matr ix)  solut ions  before  these  
d issolut ion data  were  obta ined]  
Pre t rea tment  
Sample  None* Matr ix* None ' '  
Phlogopi te  
A1 4 .6  5 .1  4 .6  4 .6  
Mg 5 .3  4 .3  4 .6  4 .8  
Mean 4 .9  4 .7  4 .6  4 .7  
Biot i te  
Al  7 .7  5 .5  31.1  6 .3  
Mg 7 .2  5 .2  34.0  6 .0  
Mean 7 .4  5 .3  32.5  6 .1  
Siderophyl l i te  
A1 2 .8  2 .3  3 .0  2 .3  
*150-mg samples  f rom "reference  s ta te"  exper iment .  
^^300-mg samples  f rom "main"  exper iment .  
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sharp  edges  and u l t raf ine  par t ic les  dur ing the  36-day matr ix  
pre t rea tment .  The HgOg-pret rea ted sample ,  on the  o ther  hand y ie lded a  
much la rger  ra te  constant  than e i ther  the  untreated or  the  
matr ix-pre t rea ted samples .  In terpre t ing these  d i f ferences  purely  in  
terms of  to ta l  surface  area ,  i t  i s  c lear  that  the  H^Og-pret rea ted sample  
had severa l  t imes  the  to ta l  surface  area  of  the  untreated and 
matr ix-pre t rea ted samples .  The s iderophyl l i te  ra te  constant  data  showed 
the  same t rends  wi th  regard  to  pre t rea tments  as  the  b iot i te  data ,  but  
the  d i f ferences  were  much smal ler  and suggest ive  of  a  more  moderate  
increase  in  surface  area  as  a  resul t  of  HgOg t rea tment .  
A compar ison of  the  k^pp values  for  the  150-mg and 1300-mg 
untreated samples  shows some ef fec t  of  sample  s ize  (Table  IV-3) ,  The 
lower  kgpp values  in  the  1300-mg samples  could  be  a  resul t  of  unequal  
access  to  the  mica  par t ic les  by the  dissolving solut ion.  I f  so ,  the  
s i tuat ion could  be  avoided by us ing a  f lu idized-bed reactor  s imi lar  to  
that  descr ibed by Wollas t  and Chou (1985) .  Al ternat ively ,  the  d i f ferent  
ra te  constants  may show that  the  f low ra te  was  too  s low to  mainta in  the  
same concentra t ion of  ac t ive  dissolving agent  ( i .e . ,  f ree  EDTA"^ and 
OAc")  in  the  two s tudies .  In  e i ther  event ,  the  d i f ferences  
app 
observed for  the  untreated samples  a re  smal l  enough (consider ing the  
8-fold  d i f ference  in  sample  s ize)  to  be  of  l i t t le  concern .  
Comparisons  of  the  values  obta ined in  the  "reference  s ta te"  
app 
exper iment  and the  "main"  exper iment  a l low es t imates  of  and 
to  be  made for  the  micas  t rea ted by the  HgOg so lut ion re la t ive  to  the  
micas  t rea ted by the  matr ix  solut ion.  Since  Yg = 1  for  the  "reference  
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s ta te"  data ,  the  to ta l  surface  area  for  the  HgOg-pret rea ted micas  
[Stota i (H)]  re la t ive  to  that  for  the  matr ix-pre t rea ted micas  CS^otaHM)^ 
i s  s imply the  ra t io  of  the  values  obta ined for  these  micas  in  the  
app 
"reference  s ta te"  exper iment .  The ef fec t ive  surface  areas  of  the  micas  
in  the  HgOg solut ion re la t ive  to  the  matr ix  solut ion [Seff (M)]  
are  given by the  ra t io  o"  the  k __ va lues  for  these  two solut ions  that  
app 
were  obta ined in  the  "main"  exper iment .  Las t ly ,  es t imates  of  for  
samples  t rea ted by the  HgOg so lut ions  can be  made f rom the  ra t io  of  the  
Sgff(H)  values  to  the  S^ota l (H)  values .  That  i s ,  
Y = .  [IV.6]  
[Stota l (H)] / [Stota l (M)]  
These  es t imates  of  and Yg for  the  A1 and Mg d issolut ion of  
the  HgOg-t reated micas  re la t ive  to  the  matr ix- t rea ted micas  a re  shown in  
Table  IV-4.  
Looking a t  the  surface  parameter  es t imates  for  the  phlogopi te ,  i t  
i s  c lear  that  no exfol ia t ion occurred dur ing HgOg t rea tment  s ince  the  
ra t io  of  to ta l  surface  area  of  the  mica  in  the  HgOg so lut ion to  that  in  
the  matr ix  solut ion i s  1 .0  (Table  IV-4) .  Treatment  wi th  HgOg,  however ,  
d id  resul t  in  a  b lockage of  roughly  60% of  the  surface  s i tes  by the  
compet i t ive  adsorpt ion of  Og or  HgOg,  thus  leaving only  40% of  the  
or ig inal  surface  area  avai lable  for  d issolut ion.  
In  contras t ,  the  surface  parameter  es t imates  for  the  b iot i te  
suggest  tha t  the  to ta l  surface  area  of  the  b iot i te  af ter  36 days  of  HgOg 
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TABLE IV-4.  Est imates  of  the  to ta l  surface  area  (S^ota l^ '  
to ta l  surface  area  complexed by s t rong complexers  
(Sg^Tf)»  and the  f rac t ion of  the  to ta l  surface  area  
complexed by s t rong complexers  (y^)  for  mica  
samples  t rea ted wi th  the  HgOg (25% HgOg + matr ix)  
solut ion expressed re la t ive  to  samples  t rea ted 
wi th  the  matr ix  (1 .0  M KOAc-0.1  M KgEDTA) 
so lut ion,  where  the  subscr ip ts  H and M refer  to  
the  HgOg and matr ix  t rea tments ,  respect ively  
Surface  Parameter  Rat io  
^ to ta l (H)  ^eff (H)  ^s(H)  
^ tota l (M) ^eff (M) ^s(M) 
Phlogopi te  
A1 0 .9  0 .4  0 .5  
Mg 1 .0  0 .3  0 .3  
Mean 1 .0  0 .4  0 .4  
Biot i te  
Al  5 .7  1 .1  0 .2  
Mg 6 .6  1 .0  0 .2  
Mean 6 .1  1 .0  0 .2  
Siderophyl l i te  
A1 1 .3  0 .5  0 .4  
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t rea tment  was  more  than 6  t imes  that  in  the  matr ix  t rea tment  (Table  
IV-4) .  This  d i f ference  i s  presumably due to  large-scale  exfol ia t ion by 
the  HgOg t rea tment .  The ac t ively-dissolving f rac t ion was only  
about  20% of  the  surface  avai lable ,  which i s  much lower  than for  the  
phlogopi te .  This  resul t  may have been caused by the  higher  ra te  of  HgOg 
decomposi t ion that  occurred in  the  b iot i te  t rea tment  re la t ive  to  the  
other  two micas  (Figure  IV-2)  and,  consequent ly ,  produced more  Og to  
compete  wi th  the  s t rong complexing agents  for  adsorpt ion to  the  mica  
surface  s i tes .  The net  e f fec t  of  these  two processes  (exfol ia t ion and 
compet i t ive  adsorpt ion by HgOg and Og)  was  to  cancel  each o ther  out  and 
y ie ld  essent ia l ly  ident ica l  d issolut ion ra tes  in  the  matr ix  and HgOg 
t rea tments  for  the  b iot i te .  
The s iderophyl l i te  sample  a lso  showed some evidence for  exfol ia t ion 
in  the  HgOg t rea tment ,  but  on a  much smal ler  sca le  than for  the  b iot i te  
(Table  IV-4) .  The ac t ively-dissolving f rac t ion CYs (h )^  was  about  the  
same as  that  for  the  phlogopi te  (40%),  a  resul t  a lso  suppor ted by the  
s imi lar i t ies  in  thei r  HgOg e f f luent  concentra t ion data  (Figure  IV-2) .  
The k inet ic  analys is  of  the  dissolut ion data ,  therefore ,  seems to  
provide  c lear  evidence for  considerable  exfol ia t ion in  the  b iot i te  and 
minor  amounts  of  exfol ia t ion in  the  s iderophyl l i te  samples  and conf i rms 
that  no exfol ia t ion occurred in  the  phlogopi te  sample .  I t  a lso  provides  
s t rong evidence for  a  screening ef fect  of  the  HgOg so lut ions  a t  the  
surfaces  of  the  mica  tha t  resul ts  in  lower  ra tes  of  d issolut ion.  This  
screening i s  probably  caused by the  compet i t ion of  HgOg and Og wi th  OAc" 
-2  
and EDTA" for  adsorpt ion s i tes  a t  the  mica  surface .  
131 
The k inet ic  data  a lso  show a  good corre la t ion between the  extent  of  
exfol ia t ion and the  extent  of  Fe oxidat ion by the  HgOg t rea tments .  In  
the  b iot i te ,  for  example ,  a  7-fold  increase  in  Fe(I I I )  content  as  a  
resul t  of  HgOg t rea tment  i s  accompanied by a  6-fold  increase  in  to ta l  
surface  area ,  whereas  the  phlogopi te  exhibi ted  no exfol ia t ion or  
oxidat ion.  Because  the  phlogopi te  conta ined very  l i t t le  Fe(I I ) ,  l i t t le  
or  no oxidat ion was expected.  And s ince  the  K-select iv i ty  of  the  
phlogopi te  and b io t i te  are  s imi lar  (Chapter  VI) ,  the i r  tendency to  
exfol ia te  would a lso  be  s imi lar .  The absence of  exfol ia t ion in  the  
phlogopi te ,  therefore ,  suggests  tha t  oxidat ion of  s t ructura l  Fe i s  
required before  exfol ia t ion can occur  in  1  M K so lut ions .  
On the  other  hand,  the  fa i lure  of  the  s iderophyl l i te  to  oxidize  (or  
exfol ia te)  to  any great  extent  requires  a  d i f ferent  explanat ion.  One 
poss ible  explanat ion involves  the  higher  K-select iv i ty  of  th is  mica  
re la t ive  to  the  b iot i te  and phlogopi te  (Chapter  VI) .  For  Fe oxidat ion 
to  occur ,  a  charge-balancing react ion must  a lso  occur .  With  the  
poss ible  except ion of  deprotonat ion of  s t ructura l  hydroxyls ,  the  
charge-balancing react ions  involve  an expansion of  the  in ter layer  region 
to  a l low e ject ion of  in ter layer  or  octahedral  ca t ions  to  the  bulk  
solut ion.  Micas  wi th  a  high se lec t iv i ty  for  K would  be  less  prone to  to  
expansion and,  therefore ,  would par t ic ipate  less  readi ly  in  the  
charge-balancing react ions  that  involve  ca t ion e jec t ion.  The net  resul t  
of  a  h igh K se lec t iv i ty  would be  to  l imi t  the  occurrence  of  
charge-balancing react ions  and thereby ra ise  the  ef fect ive  redox 
potent ia l  for  the  oxidat ion of  s t ructura l  Fe .  Thus ,  d i f ferences  in  the  
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K-seTect iv i ty  of  the  s iderophyl l i te  and b io t i te  micas  could  wel l  be  
responsible  for  the  d i f ferent  oxidat ion,  exfol ia t ion,  and d issolut ion 
behavior  tha t  they exhibi ted  in  th is  s tudy.  
Conclus ions  
The degree  of  oxidat ion of  s t ructura l  Fe in  t r ioctahedral  micas  by 
aqueous  25% HgOg-l  M K so lut ions  i s  only  s l ight ly  greater  than the  
degree  of  exfol ia t ion exhibi ted  by these  micas .  This  resul t  impl ies  
tha t  extensive  oxidat ion via  in ternal  e lec t ron and proton t ransfer  
mechanisms i s  absent .  Oxidat ion does  seem to  be required for  
exfol ia t ion to  occur  under  the  condi t ions  s tudied,  and thus  must  precede 
exfol ia t ion to  some extent .  During the  oxidat ion process ,  the  excess  
charge  created i s  balanced in  the  mica  s t ructure  by the  e jec t ion of  
octahedral  ca t ions .  Of  these ,  the  t r ivalent  ca t ions  {Fe and Al)  a re  
e jec ted preferent ia l ly  to  the  divalent  ca t ions  (Mg) .  Because  of  the  
in terdependence of  oxidat ion and exfol ia t ion,  the  K-select iv i ty  of  the  
mica  i s  bel ieved to  play a  ro le  in  determining the  extent  to  which both  
occur .  
The ra te  a t  which a  mica  d issolves  i s  control led  by the  inherent  
s tabi l i ty  of  the  mica ,  by the  amount  of  exfol ia t ion that  occurs ,  and by 
the  f rac t ion of  the  to ta l  surface  area  that  i s  access ible  to  the  
dissolving agents .  The oxidat ion of  s t ructura l  Fe by HgOg so lut ions ,  
therefore ,  increases  the  ra te  of  mica  d issolut ion by causing 
exfol ia t ion,  but  th is  increase  may be  tempered by the  adsorpt ion of  HgOg 
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and Og molecules  a t  the  mica  surface  thereby decreas ing the  amount  of  
mica  surface  that  i s  access ible  to  the  dissolving agents  in  the  
solut ion.  
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CHAPTER V. OXIDATIVE WEATHERING OF TRIOCTAHEDRAL MICAS 
BY BUFFERED HgOg SOLUTIONS—2. STRUCTURAL ALTERATIONS 
In t roduct ion 
When micas  weather ,  s t ructura l  a l tera t ions  occur  a long wi th  the  
changes  in  redox s ta te  and composi t ion that  were  descr ibed in  Chapter  
IV.  The nature  of  these  s t ructura l  changes  may be  revealed by d i rec t  
measurements  of  the  locat ions  and the  e lec t ronic  energy levels  of  the  
var ious  a toms in  the  mica  and i t s  weather ing products .  For  example ,  the  
nature  of  the  bond energies  and types  of  s t ructura l  uni ts  present  in  the  
sample  can be  observed wi th  infrared spect roscopic  techniques .  The 
locat ions  of  a toms in  the  mica  s t ructure  and evidence for  the  format ion 
of  weather ing products  can be  obta ined by x-ray d i f f rac t ion techniques .  
And,  speci f ic  informat ion about  the  oxidat ion s ta te ,  coordinat ion,  and 
e lec t ronic  environment  of  Fe a toms can be  obta ined by MBssbauer  
spect roscopy.  Each of  these  techniques  and the i r  appl ica t ions  to  the  
s tudy of  mica  weather ing processes  are  discussed in  the  paragraphs  tha t  
fo l low.  
The ^^Fe MOssbauer  e f fec t ,  which i s  essent ia l ly  the  recoi l - f ree  
absorpt ion of  gamma rays  by the  ®^Fe nucleus ,  has  been used by many 
inves t igators  to  fol low changes  in  the  oxidat ion s ta te  and bonding 
environment  of  s t ructura l  Fe when micas  are  exposed to  var ious  
weather ing regimes.  Two parameters ,  the  isomer  sh i f t  and the  quadrupole  
135 
spl i t t ing ,  descr ibe  the  MBssbauer  spect ra  obta ined a t  room temperature  
( the  magnet ic  order ing temperature  for  micas  i s  wel l  below 298 K so  no 
magnet ic  hyperf ine  spl i t t ings  are  observed) .  The i somer  sh i f t ,  which i s  
propor t ional  to  the  charge  densi ty  of  e lec t rons  a t  the  ^^Fe nucleus ,  
provides  informat ion about  the  Fe oxidat ion s ta te ,  the  coordinat ion 
number ,  and the  ionic  character  of  the  Fe- l igand bonds .  I t  i s  poss ible ,  
therefore ,  to  dis t inguish  high-spin  Fe f rom low-spin  Fe ,  Fe in  the  
octahedral  sheet  f rom that  in  the  te t rahedral  sheet ,  and Fe(I I )  f rom 
Fe(I I I )  in  the  mica  by determining the  isomer  sh i f t .  As a  resul t  of  an 
asymmetr ic  charge  d is t r ibut ion around the  ^^Fe nucleus  when i t  i s  in  the  
exci ted  s ta te ,  the  energy levels  for  th is  s ta te  are  spl i t  and absorpt ion 
of  gamma rays  a t  two d i f ferent  energies  i s  a l lowed.  The MOssbauer  
spect rum,  therefore ,  consis ts  of  two peaks  (a  symmetr ic  double t )  for  
each isomer  sh i f t .  The d i f ference  in  energy between the  two peaks  i s  
termed the  quadrupole  sp l i t t ing  and i t s  s ize  depends  on the  amount  of  
d is tor t ion from ideal  symmetry  tha t  i s  present  in  the  d-orbi ta l  
ar rangement  a t  the  ®^Fe nucleus .  Thus ,  for  a  given e lec t ron spin  
conf igurat ion [e .g . ,  h igh-spin  Fe(I I ) ] ,  the  quadrupole  sp l i t t ing  values  
conta in  informat ion about  the  anion cage coordinat ing the  Fe and the  
charge  d is t r ibut ion in  the  adjacent  ca t ion s i tes  because  the  charges  on 
these  a toms af fec t  the  e lec t r ic  f ie ld  a t  the  Fe nucleus .  Both  i somer  
sh i f t  and quadrupole  sp l i t t ing  are  measures  of  e lec t ronic  energy levels  
and are  repor ted  in  uni ts  of  mm s"^  (1  mm s"^  = 4 .80 x  10"® eV),  the  
Doppler  scanning veloci ty  a t  which they are  observed.  More  in t roductory  
informat ion about  the  MOssbauer  e f fec t  i s  provided by Greenwood and Gibb 
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(1971)  and Gonser  (1975) .  Speci f ic  d iscuss ions  of  the  ®^Fe MBssbauer  
e f fec t  and i t s  appl ica t ion to  s i l ica te  and oxide  minera logy are  
presented by Goodman (1980) ,  Hel ler -Kal la i  and Rozenson (1981) ,  and 
Murad (1988) .  
A survey of  the  MBssbauer  parameters  repor ted  for  unweathered 
natura l  micas  shows tha t  the  isomer  sh i f t  values  for  
octahedral ly-coordinated Fe in  d i -  and t r i -octahedral  micas  are  
remarkably  constant  (Table  V-1) .  The quadrupole  sp l i t t ings  for  Fe(I I ) ,  
however ,  d isplay a  t rend towards  h igher  values  in  going f rom the  
b iot i tes  to  the  l i th ioni tes  and muscovi tes .  Evident ly ,  th is  t rend i s  a  
resul t  of  an  increase  in  the  asymmetry  of  the  e lec t r ic  f ie ld  a t  the  ®^Fe 
nucleus  when Li  or  vacancies  are  present  in  neighbor ing s i tes .  One 
would  expect  to  see  a  s imi lar  t rend,  but  opposi te  in  d i rec t ion,  for  the  
Fe(I I I )  quadrupole  sp l i t t ing .  The poor  precis ion of  the  Fe(I I I )  da ta ,  
however ,  obscures  th is  t rend,  i f  i t  exis ts  a t  a l l .  
At tempts  have been made to  ass ign Fe a toms between the  ci_s  and 
t rans  s i tes  in  the  octahedral  sheet ,  wi th  some apparent  success  
(Anners ten ,  1974;  Goodman and Wilson,  1973) ,  and to  fol low the  s i te  
occupancies  as  the  mica  weathers  to  see  i f  oxidat ion of  Fe occurs  
preferent ia l ly  a t  one s i te  or  the  o ther  (Goodman and Wilson,  1973) .  
Theoret ica l  ca lcula t ions  of  the  e lec t r ic  f ie ld  gradients  ar is ing from 
var ious  anionic  and ca t ionic  s i te  occupancies  (Goodman,  1976,  1980;  
Mineeva,  1978) ,  however ,  show that  severa l  s t ructura l  ar rangements  can 
produce the  broad non-Lorentz ian  peaks  tha t  were  the  or ig inal  impetus  
for  s i te  ass ignment  work.  Indeed,  Mineeva (1978)  suggested that  a  la rge  
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TABLE V-1.  S ta t i s t ica l  summary of  MlJssbauer  spect ra l  parameters  (298 K) 
repor ted  for  octahedral  Fe in  natura l  b io t i tes ,  l i th ioni tes ,  
and muscovi tes® 
Fe(I I )b  Fe(I I I )^  
Isomer^ Quadrupole  Isomer^ Quadrupole  
Mica  Group Shif t  Spl i t t ing  Shif t  Spl i t t ing  
_ r  
mm s  
BIOTITE 
Mean 1 .09 2 .44 0 .45 0 .78 
Standard Devia t ion (0 .03)  (0 .06)  (0 .05)  (0 .15)  
Range 1 .04-1.15 2 .31-2.54 0 .38-0.55 0 .55-1.16 
Number  of  Spectra  19 19 16 16 
LITHIONITE 
Mean 1 .13 2 .60 0 .40 0 .85 
Standard Devia t ion (0 .03)  (0 .08)  (0 .01)  (0 .05)  
Range 1 .08-1.16 2 .45-2.72 0 .38-0.42 0 .77-0.91 
Number  of  Spectra  7  7  4  4  
MUSCOVITE 
Mean 1 .13 2 .86 0 .37 0 .75 
Standard Devia t ion (0 .02)  (0 .02)  (0 .02)  (0 .05)  
Range 1 .09-1.15 2 .83-2.89 0 .34-0.38 0 .69-0.82 
Number  of  Spectra  5  5  5  5  
Original  data  f rom Anners ten  (1974) ,  Bowen e t  a l .  (1969) ,  Chandra  
and Lokanathan (1982) ,  Goodman and Wilson (1973) ,  HBggstrBm e t  a l .  
(1969a,  1969b) ,  Hogg and Meads  (1970) ,  Krause  e t  a l .  (1987) ,  Levi l la in  
e t  a l .  (1981) ,  and Tr icker  and Winterbot tom (1976) .  
'^Data  f rom s tudies  in  which two over lapping double ts  were  f i t  to  an 
oxidat ion s ta te  (e .g . .  Ml and M2 s i te  occupancy data)  were  conver ted  to  
data  for  one equivalent  double t  by ca lcula t ing the  centroid  for  each 
pai r  of  over lapping peaks  in  the  spect rum.  
^Rela t ive  to  meta l l ic  Fe (Pres ton e t  a l . ,  1962) .  
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number  of  s l ight ly  d i f ferent  charge  symmetr ies  probably  exis ts  a t  ca t ion 
s i tes  in  b iot i tes  and g ives  r i se  to  a  d is t r ibut ion of  c losely  
super imposed Lorentz ian  double ts .  I f  t rue ,  such a  s i tuat ion would make 
fu t i le  any a t tempt  to  determine the  precise  occupancies  of  c is  and 
t rans  s i tes .  
Most  of  the  MOssbauer  s tudies  of  mica  weather ing have involved the  
oxidat ion of  micas  by thermal  t rea tments  (Pol lak  e t  a l . ,  1962;  Hogg and 
Meads ,  1975;  Tr icker  and Winterbot tom,  1976;  Ouseph and Groskreutz ,  
1977;  Gendler  e t  a l . ,  1978;  Tr ipathi  e t  a l . ,  1978;  Chandra  and 
Lokanathan,  1982;  Ferrow and Anners ten ,  1984) ,  and have shown dras t ic  
changes  in  the  values  for  isomer  sh i f ts  and quadrupole  sp l i t t ings  wi th  
Fe oxidat ion.  These  changes  are  associa ted  wi th  charge-balancing 
react ions  such as  deprotonat ion and dehydroxyla t ion that  may not  occur  
in  aqueous  sys tems.  Several  s tudies  have looked a t  the  aqueous  
weather ing (Rice  and Wil l iams,  1969;  Yassoglou e t  a l . ,  1972;  Goodman and 
Wilson,  1973)  and K-deple t ion (Bowen e t  a l . ,  1969)  of  micas  a t  ambient  
temperatures .  In  contras t  to  the  thermal  s tudies ,  however ,  l i t t le  
change in  e i ther  isomer  sh i f t  or  quadrupole  sp l i t t ing  has  been observed 
when b io t i tes  weather  in  aqueous  solut ion.  
The MOssbauer  da ta  in  the  l i te ra ture ,  thus ,  suggest  tha t  no major  
changes  in  the  s t ructura l  environment  of  Fe in  the  mica  occur  as  a  
resul t  of  aqueous  weather ing,  o ther  than the  obvious  oxidat ion of  Fe(I I )  
to  Fe(I I I ) .  Cat ion e jec t ion i s  one major  change associa ted  wi th  aqueous  
weather ing,  but  i s  d i f f icul t  to  ident i fy  by MOssbauer  spect roscopy 
because  i t  seems to  occur  s imul taneously  wi th  Fe oxidat ion and cannot  be  
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Isola ted .  The MOssbauer  method seems bes t  su i ted ,  therefore ,  to  
d is t inguishing between octahedral ly  and te t rahedral ly-coordinated Fe,  to  
moni tor ing the  Fe(I I ) /Fe(I I I )  ra t ios  in  the  octahedral  sheet  and to  
providing qual i ta t ive  evidence for  the  presence or  absence of  o ther  
phases  (e .g . ,  var ious  Fe oxides)  tha t  might  form as  a  resul t  of  
oxidat ive  weather ing by aqueous  solut ions .  In  the  absence of  corol lary  
data ,  more  de ta i led  in terpre ta t ions  seem specula t ive .  
Previous  x-ray d i f f rac t ion s tudies  of  f resh  and weathered micas  
have shown l i t t le ,  i f  any,  change in  the  00a d-spacings  as  a  resul t  of  
weather ing (Walker ,  1949;  Rimsai te ,  1967a)  so  long as  extensive  K 
exchange does  not  occur .  The re la t ive  in tens i t ies  of  the  004 and 005 
ref lec t ions ,  however ,  a re  sensi t ive  to  the  cat ion occupancy of  the  
octahedral  and te t rahedral  sheets  (Brown,  1955;  Franzini  and Schiaff ino,  
1963;  Gower ,  1957;  Rimsai te ,  1967b;  Chapter  I I I ,  th is  work) ,  and thus  
can be  used to  measure  the  extent  of  ca t ion e jec t ion dur ing weather ing.  
In  the  only  known appl ica t ion of  th is  technique to  mica  weather ing,  
Rimsai te  (1967a)  presented data  for  two pai rs  of  b io t i te  f lakes  (each 
pai r  consis t ing of  one f resh  and one natura l ly  weathered f lake  from the  
same locat ion)  that  showed a  decrease  of  about  40% in  the  004/005 
in tens i ty  ra t io  wi th  oxidat ive  weather ing.  The octahedral  ca t ion 
occupancy can a lso  be  es t imated f rom the  OkO d-spacings  (Rimsai te ,  
1967a;  Farmer  e t  a l . ,  1971;  Gi lkes  e t  a l . ,  1972b;  Ross  and Rich,  1974;  
Sayin  e t  a l . ,  1979) .  The sens i t iv i ty  of  th is  commonly used method,  
however ,  seems to  be  much less  than for  the  004/005 in tens i ty  ra t io  
ra t io  method.  Indeed,  for  the  same two pai rs  of  micas  d iscussed above.  
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Rimsai te  (1967a)  observed only  a  0 .3% decrease  in  the  010 d-spacing as  a  
resul t  of  weather ing.  
Infrared spect roscopy has  been used by severa l  inves t igators  of  
mica  weather ing (Juo and White ,  1969;  Farmer  e t  a l . ,  1971;  Gi lkes  e t  
a l . ,  1972b)  chief ly  because  of  the  informat ion i t  can provide  about  
the  octahedral  ca t ions  that  are  coordinated to  hydroxy!  groups  in  the  
mica  s t ructure .  A su i te  of  absorpt ion bands  in  the  hydroxyl  s t re tching 
region has  been ident i f ied  and the  individual  bands  ass igned to  var ious  
combinat ions  of  ca t ions  and vacancies  in  the  octahedral  sheet  (Vedder  
and Wilkins ,  1969;  Farmer  e t  a l . ,  1967,  1971) .  For  example ,  i t  i s  
poss ible  to  d is t inguish  between hydroxyls  coordinated by 2  t r ivalent  
ca t ions  and a  vacancy (d ioctahedral  conf igurat ion)  and those  coordinated 
by 3  d ivalent  ca t ions  ( t r ioctahedral  conf igurat ion) .  Highly  resolved 
spect ra  can a lso  dis t inguish  among the  var ious  types  of  ca t ions  involved 
[e .g . ,  3  Mg ions ,  2  Mg and 1  Fe(I I ) ,  1  Mg and 2  Fe(I I ) ,  and 3  Fe(I I ) ]  in  
a  g iven conf igurat ion.  The changes  in  the  absorpt ion in tens i t ies  of  the  
hydroxyl  s t re tching bands  as  a  resul t  of  weather ing,  therefore ,  can 
provide  evidence for  Fe oxidat ion,  for  ca t ion e jec t ion ( i .e . ,  the  
creat ion of  vacancies  in  the  octahedral  sheet ) ,  and for  deprotonat ion of  
s t ructura l  hydroxyls .  Several  s tudies ,  in  which b io t i tes  or  
vermicul i t ized b iot i tes  have been oxidized by aqueous  solut ions  (Farmer  
e t  a l . ,  1971;  Gi lkes  e t  a l . ,  1972b;  Juo and White ,  1969) ,  have shown an 
increase  in  the  in tens i ty  of  the  dioctahedral  hydroxyl  s t re tching bands  
a t  the  expense  of  the  t r ioctahedral  bands .  This  change i s  consis tent  
wi th  the  creat ion of  vacancies  in  the  octahedral  sheet  f rom octahedral  
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cat ion e jec t ion.  On the  o ther  hand,  conclus ive  evidence for  the  
deprotonat ion of  s t ructura l  hydroxyls  has  not  been presented,  except  for  
micas  oxidized by thermal  t rea tments  a t  temperatures  above 400°C (Scot t  
and Amonet te ,  1987) .  
In  th is  chapter ,  then,  the  nature  of  the  s t ructura l  a l tera t ions  
that  occurred dur ing the  weather ing of  three  micas  by the  matr ix  and 
HgOg so lut ions  decr ibed in  Chapter  IV i s  invest igated by these  
MBssbauer ,  x- ray d i f f rac t ion,  and infrared techniques .  
Exper imenta l  
Micas  
Fresh and weathered samples  of  a  phlogopi te ,  b io t i te  and 
s iderophyl l i te  were  analyzed.  The sources ,  pre l iminary  t rea tments ,  and 
s t ructura l  formulas  of  the  f resh  micas  are  descr ibed in  Chapter  IV.  The 
weathered micas  were  samples  of  f resh  mica  tha t  had been t rea ted for  
per iods  of  up to  36 days  by f lowing solut ions  of  1  M KOAc-0.1  M KgEDTA 
(matr ix)  or  25% HgOg-l  M KOAc-0.1  M KgEDTA (HgOg) a t  80°C.  The 
apparatus  and procedure  used to  prepare  these  weathered samples  were  
those  of  the  "main"  exper iment  descr ibed in  Chapter  IV.  
MBssbauer  analyses  
MBssbauer  spect ra  were  col lec ted wi th  a  Ranger  Scient i f ic  MS-700 
constant -accelera t ion spect rometer  opera t ing in  sawtooth  mode and were  
s tored by a  1024-channel  analyzer  a t tached to  an Apple  l ie  
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microcomputer .  A ^^Co/Pd source  (about  2  mCi s t rength)  was  used and the  
gamma radia t ion that  was  t ransmit ted  through the  sample  measured by a  
sc in t i l la t ion detector .  The veloci ty  of  the  source  was  ca l ibra ted  us ing 
the  data  of  Pres ton e t  a l .  (1962)  for  a  meta l l ic  Fe absorber  a t  room 
temperature .  
The absorbers  conta ined 5-10 mg Fe cm" ,  and were  prepared by 
d i lu t ing the  appropr ia te  quant i ty  of  mica  in  f inely  powdered sucrose .  
Sample  holders  consis ted  of  a  brass  washer  (18-mm ins ide  diameter ,  2 .25 
mm th ick)  wi th  a  0 .002-mil  Mylar  window glued on one face .  After  the  
absorber  mixture  was  put  in  the  sample  holder ,  a  la rger  piece  of  Mylar  
was  p laced over  the  open face  and held  by another  brass  washer  tha t  
s l ipped around the  c i rcumference of  the  sample  holder .  
The spect ra  were  f i t  to  double ts  having Lorentz ian  l ine  shapes  
us ing a  leas t  squares  code (M0SFIT4)  obta ined f rom P.  R.  Lear  and J .  W. 
S tucki  of  the  Univers i ty  of  I l l inois  a t  Urbana.  Goodness  of  f i t  was 
2  
measured by ca lcula t ing a  normal ized % va lue  ( for  1000 degrees  of  
p  
f reedom a t  the  95% conf idence level  the  normal ized % i s  1 .08) .  
Spectra  were  col lec ted wi th  the  absorber  a t  room temperature  (298 
K) o r ,  in  some ins tances ,  a t  nominal  l iquid  ni t rogen temperature  (77 K) .  
In  the  la t ter  ins tance ,  the  sample  holder  was  mounted on a  "cold  f inger"  
extending f rom a  reservoir  of  l iquid  ni t rogen in to  an evacuated cyl inder  
equipped wi th  Kapton windows.  Room temperature  spect ra  were  col lec ted 
for  the  f resh  b iot i te  and for  b iot i te  that  had been t rea ted by the  HgOg 
so lut ion for  1 ,  2 ,  4 ,  6 ,  or  12 days .  Spect ra  a t  77 K were  col lec ted for  
the  f resh  b iot i te  and s iderophyl l i te  micas  and for  the  same micas  a f ter  
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36 days  of  HgOg t rea tment .  The Fe content  of  the  phlogopi te  mica  was  
found to  be too low for  an adequate  spect rum to  be  obta ined.  
X-ray d i f f rac t ion analyses  
The ra t io  of  the  observed s t ructure  fac tors  for  the  004 and 005 
ref lec t ions  of  the  f resh  and weathered micas  was  measured by the  
technique descr ibed in  Chapter  I I I .  This  analys is  was  performed in  
t r ip l ica te  on the  f resh  micas ,  and in  dupl ica te  on micas  tha t  had been 
t rea ted for  36 days  by e i ther  the  matr ix  or  HgOg so lut ions .  In  
addi t ion,  a  s ingle  analys is  was  performed on the  b iot i te  samples  tha t  
had been weathered for  1 ,  2 ,  4 ,  6 ,  or  12 days  by the  HgOg so lut ion.  
Infrared spect roscopic  analyses  
Infrared spect ra  for  the  hydroxyl  s t re tching bands  (4000-3200 cm~^)  
and for  the  l ibra t ional  bands  (1200-250 cm"^)  were  col lec ted us ing a  
Beckman IR-20A dispers ive  spect rophotometer  equipped wi th  a  Nernst  
g lower  source  and a  thermocouple  de tector .  To minimize  the  Chr is t iansen 
f i l te r  ef fect  of  the  10-  to  20-um diameter  mica  par t ic les  (Pr ice  and 
Tet low,  1948) ,  the  hydroxyl  s t re tching spect ra  were  obta ined in  
s ingle-beam mode by a t tenuated to ta l  ref lec tance  (ATR) of  a  mica-Nujol  
mul l  on a  t rapezoidal  KRS-5 c rys ta l .  The longer  wavelength  spect ra  were  
obta ined in  ordinary  double-beam t ransmiss ion mode us ing double  s t ick  
tape  to  present  the  mica  to  the  infrared beam.  A scanning ra te  of  60 
cm"^ min"^ was  used in  most  ins tances .  Samples  of  f resh  mica  and mica  
tha t  had been t rea ted for  36 days  wi th  the  HgOg so lut ion were  analyzed.  
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For  the  s iderophyl l i te ,  a  sample  t rea ted for  36 days  in  the  matr ix  
solut ion was a lso  analyzed.  
Resul ts  and Discuss ion 
M'dssbauer  spect ra  
The MBssbauer  spect ra  (77 K) for  f resh  b iot i te  and for  b iot i te  that  
had been t rea ted for  36-days  by the  HgOg weather ing solut ion are  shown 
in  Figure  V-1 and the  parameters  for  the  f i t  to  the  observed data  are  
given in  Table  V-2.  The spect rum for  the  untreated b iot i te  consis ts  of  
an  asymmetr ic  Fe(I I )  double t  centered a t  about  1 .22 mm s"^  ( i somer  
sh i f t )  and wi th  peaks  about  2 .48 mm s"^  apar t  (quadrupole  sp l i t t ing) .  
As would  be  expected f rom second-order  Doppler  sh i f t  and zero-point  
mot ion ef fec ts  (Greenwood and Gibb,  1971,  p .  50-53) ,  these  MBssbauer  
parameters  a t  77 K a re  somewhat  h igher  than the  mean values  repor ted  for  
Fe(I I )  in  b io t i tes  a t  room temperature  (Table  V-1) .  The anisot ropy in  
the  peak in tens i t ies  i s  probably  a  resul t  of  non-random or ienta t ion of  
mica  par t ic les  in  the  absorber  (HBggstrOm e t  a l . ,  1969a;  Anners ten ,  
1974) .  
The spect rum for  the  HgOg-t reated b io t i te  shows the  Fe(I I )  double t ,  
the  emergence of  an  Fe(I I I )  peak a t  about  0 .93 mm s"^ ,  and a  second 
peak over lapping the  Fe(I I )  peak near  0  mm s"^ .  Thus ,  two double ts  were  
f i t  to  th is  spect rum.  The Fe(I I I )  double t  had an  i somer  sh i f t  of  0 .56 
mm s"^  and a  quadrupole  sp l i t t ing  of  0 .85 mm s"^ ,  whereas  the  parameters  
for  Fe(I I )  were  1 .17 and 2 .58 mm s"^ ,  respect ively .  The ra t io  of  the  
FIGURE V-1,  MBssbauer  spect ra  recorded a t  nominal  l iquid  ni t rogen 
temperature  (77 K) for  samples  of  untreated b iot i te  or  
b iot i te  that  was  t rea ted wi th  the  HLO. weather ing 
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TABLE V-2.  Parameters  for  MBssbauer  spect ra  of  b io t i te  and 
s iderophyl l i te  samples  recorded a t  nominal  l iquid  ni t rogen 
temperature  (77 K) before  and a f ter  t rea tment  wi th  HmO. 
so lut ions  for  36 days  
Fe(I I )*  
Isomer  Quadrupole  Peak Peak^ 
Sample  Shif t  Spl i t t ing  Width  Area  
Biot i te  (77 K) 
- 1  
mm s  
Untreated 1 .22 2 .48 0 .27 1 .73 
(0 .00 )  (0 .00 )  (0 .00 )  (0 .00 )  
0.32 
(0 .00)  
36 Days 1 .17 2 .58 0 .24 0 .72 
(0 .02)  (0 .01)  (0 .00)  (0 .03)  
Siderophyl l i te  (77 K) 
0 .27 
( 0 . 0 1 )  
Untreated 1 .24 2 .55 0 .24 1 .72 
(0 .00 )  (0 .00 )  (0 .00 )  (0 .00 )  
0.29 
( 0 . 0 0 )  
36 Days 1 .22 2 .43 0 .24 2 .02 
(0 .00 )  (0 .00 )  (0 .00 )  (0 .00 )  
0.29 
(0 .00)  
^Standard devia t ion for  each parameter  i s  enclosed in  parentheses .  
^Tota l  absorpt ion area  in  counts  x  lo / .  
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Fe(II I )® 
Isomer  Quadrupole  Peak Peak ' '  „  Fe(I I I ) /  
Shif t  Spl i t t ing  Width  Area  % Fe(TOT) 
(nij) s —- % —-
•  — — — — — — — 3»52 
0 .56 0 .85 0 .33 0 .64 1 .90 47.1  
(0 .03)  (0 .02)  (0 .01)  (0 .04)  (2 .5)  
0.26 
(0 .02)  
"  "  » «* «# »  4*69 "" 
4 .46 
149 
areas  of  the  Fe(I I )  and Fe(I I I )  double ts  suggests  tha t  47.1% of  the  Fe 
in  the  b iot i te  i s  Fe(I I I )  which compares  favorably  to  the  49.0% measured 
by the  method of  Chapter  I I .  
The spect ra  for  the  s iderophyl l i te  mica  before  and af ter  
HgOg t rea tment  are  shown in  Figure  V-2.  As expected f rom the  very  low 
Fe(I I I )  content  of  th is  mica  or ig inal ly  (< 2%) and f rom the  lack of  
substant ia l  oxidat ion dur ing t rea tment ,  the  spect ra  consis t  of  an 
asymmetr ic  Fe(I I )  double t  and appear  to  be  ident ica l .  Sl ight  decreases  
in  the  quadrupole  sp l i t t ing  (2 .55 to  2 .43 mm s"^)  and in  the  isomer  
sh i f t  (1 .24 to  1 ,22 mm s"^)  were  observed wi th  the  HgOg t rea tment ,  but  
these  may ref lec t  the  smal l  e r ror  caused by including the  Fe(I I I )  data  
in  the  Fe(I I )  peaks  dur ing the  f i t t ing  procedure  (Table  V-2) .  
The absence of  magnet ic  hyperf ine  spl i t t ings  in  the  b iot i te  and 
s iderophyl1i te  spect ra  a t  77 K suggests  tha t  no Fe oxide  phases  (wi th  
the  poss ible  except ion of  lepidocroci te  and fer r ihydr i te)  were  present  
in  the  untreated micas  and that  none formed dur ing the  HgOg t rea tment .  
As d iscussed by Murad (1988) ,  however ,  the  lack of  a  magnet ic  hyperf ine  
f ie ld  may a lso  be  due to  poor  c rys ta l l in i ty  or  to  the  subst i tu t ion of  A1 
for  Fe in  the  Fe oxide  s t ructure .  I f  non-magnet ica l ly  ordered oxide  
phases  were  present ,  they would be  expected to  show isomer  sh i f ts  and 
quadrupole  sp l i t t ings  in  the  same region as  mica  s t ructura l  Fe(I I I ) .  
The ne t  resul t  would  be  some l ine  broadening and an increase  in  the  
uncer ta in ty  associa ted  wi th  the  Fe(I I I )  MHssbauer  parameters  for  the  
mica  [ indeed,  oxide  impuri t ies  could  expla in  the  large  var iabi l i ty  in  
Fe(I I I )  quadrupole  sp l i t t ings  repor ted  for  b iot i tes  in  Table  V-1] .  The 
FIGURE V-2.  Mb'ssbauer  spect ra  recorded a t  nominal  l iquid  ni t rogen 
temperature  (77 K) for  samples  of  untreated s iderophyl l i te  
or  s iderophyl l  i te  that  was  t rea ted wi th  the  HLO. 
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conclusion to  be drawn,  therefore ,  i s  that  no def ini t ive evidence for  
the presence or  absence of  Fe oxide minerals  exis ts  in  these MtJssbauer  
spectra .  
Several  MOssbauer  spectra  were col lected a t  room temperature  
for  the untreated biot i te  and for  the biot i te  af ter  t reatment  with HgOg 
for  per iods of  up to  12 days.  The raw spectra  are  shown in  Figure V-3,  
and the MOssbauer  parameters  from the f i t ted spectra  are  given in  Table  
V-3.  In  general ,  the  raw spectra  show the expected development  of  the 
Fe(III)  doublet  centered near  0 .5  mm s"^ as  the length of  t reatment  
increases .  The values  of  the Fe(II)  isomer shif t  and quadrupole  
spl i t t ing for  the untreated biot i te  are  a t  the extremes of  the ranges 
given in  Table  V-1,  but  with HgOg t reatment  [and increasing Fe(III)  
content]  these values  come very c lose to  the means of  the publ ished 
values  for  the biot i te  group.  This  t rend,  however ,  may be an ar t i fact  
of  the f i t t ing procedure,  s ince only a  Fe( i l )  doublet  could be f i t  to  
the untreated and 1-day spectra .  Another  indicat ion that  the f i t  may be 
2 in  error  for  the untreated,  1-  and 2-day spectra  is  the higher  x values  
obtained for  these spectra  as  compared to  the 4- ,  6- ,  and 12-day 
spectra .  The f ract ion of  Fe as  Fe(III)  predicted from the spectra  
compares  fa i r ly  well  with the chemical ly  determined Fe(III)  data  
reported in  Chapter  IV (10.1,  23.2,  41.9,  45.4,  and 46.4% for  the 1- ,  
2- ,  4- ,  6- ,  and 12-day t reatments ,  respect ively) ,  but  the precis ion is  
considerably less .  At low Fe(III)  levels ,  however ,  the  sensi t ivi ty  of  
the MOssbauer  spectra  to  Fe(III)  i s  very poor  and the chemical  resul ts  
are  c lear ly  bet ter .  
FIGURE V-3.  Mb'ssbauer  spectra  recorded a t  room temperature  (298 K) 
for  samples  of  untreated biot i te  or  biot i te  that  was 
t reated for  1 ,  2 ,  4 ,  6 ,  or  12 days with . the HLO. 
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TABLE V-3.  Parameters  for  MHssbauer  spectra  of  biot i te  samples  recorded 
a t  room temperature  (298 K) before  and af ter  t reatment  with 
HgOg solut ions for  var ious per iods 
Fe(II)* 
Biot i te  (RT) 
Isomer Quadrupole  Peak Peak^ 
Sample Shif t  Spl i t  Width Area 
-1 
mm sec 
Untreated 0 .90 2.14 0.24 1.79 
(0 .00 )  (0 .00 )  (0 .00 )  (0 .01 )  
0.29 
(0 .00)  
1 Day.  0 .91 2.15 0.24 1.86 
(0 .00 )  (0 .00 )  (0 .00 )  (0 .01 )  
0.29 
(0 .00)  
2 Days 0 .88 2.18 0.23 1.79 
(0.01)  (0 .01)  (0 .00)  (0 .03)  
0 .25 
(0 .00)  
4 Days 0 .85 2.23 0.22 1.26 
(0.01)  (0 .01)  (0 .00)  (0 .05)  
0 .24 
(0 .01 )  
6 Days 0 .84 2.25 0.21 0.84 
(0.01)  (0 .01)  (0 .00)  (0 .04)  
0 .21  
( 0 . 0 1 )  
12 Days 0 .84 2.26 0.22 1.02 
( 0 . 0 2 )  ( 0 . 0 2 )  ( 0 . 0 0 )  ( 0 . 0 6 )  
0.23 
(0 .01 )  
^Standard deviat ion for  each parameter  i s  enclosed in  parentheses .  
^Total  absorpt ion area in  counts  x lo / .  
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Fe(III)"  
Isomer Quadrupole  Peak 
Shif t  Spl i t  Width 
Peak 
Area 
P Fe(III) /  
Fe(TOT) 
mm sec 








(0 .00)  
0.21 
(0 .00)  
0.35 
(0.04)  
3 .59 16.4 




(0 .02)  
0.29 
(0 .01)  
0.25 
(0 .02 )  
0.95 
(0 .06 )  
2.77 43.0 
( 2 . 6 )  
0.32 
(0 .02)  
0.73 
(0 .02)  
0.28 
(0 .01)  
0.23 
(0 .02 )  
0.74 
(0.04)  
2 .29 46.8 
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X-ray diffract ion analyses  
X-ray diffractograms for  the 004 and 005 ref lect ions of  the 
untreated micas ,  and of  the micas  af ter  t reatment  for  36 days by the 
matr ix  and HgOg solut ions are  shown in  Figures  V-4,  V-5,  and V-6.  The 
x-ray pat terns  for  the phlogopi te  are  character ized by the rather  small  
in tensi ty  of  the 004 ref lect ion relat ive to  that  for  the 005 ref lect ion 
and are  essent ia l ly  ident ical  for  the t reated and untreated samples  
(Figure V-4) .  The high degree of  crystal l ini ty  of  these samples  i s  
shown by the wel l - resolved doublets  a t  each ref lect ion and the 
maintenance of  this  high resolut ion in  the t reated samples  suggests  that  
no major  s t ructural  changes occur  as  a  resul t  of  t reatment .  This  
f inding is  consis tent  with the conclusions drawn from the chemical  and 
kinet ic  data  presented in  Chapter  IV.  
The dif f ract ion t races  for  the biot i te  are  shown in  Figure V-5 and 
include t races  for  samples  t reated for  2 ,  4 ,  and 6 days with the HgOg 
solut ion in  addi t ion to  the untreated and 36-day t reated samples .  In  
contrast  to  the phlogopi te  pat terns ,  the 004 and 005 peak heights  for  
the biot i te  are  roughly equal .  For  the  untreated and matr ix  t reated 
samples ,  the  004 peak height  i s  s l ight ly  greater  than the 005 and the 
doublet  i s  wel l  resolved.  For  the  HgOg-treated samples ,  
however ,  the  resolut ion of  the doublet  becomes blurred and the 
intensi ty  of  the 005 peak increases  re la t ive to  that  of  the 004 as  
t reatment  progresses .  The loss  of  the doublet  resolut ion ( i .e . ,  peak 
broadening)  with HgOg t reatment  i s  evidence for  thinner  crystal l i tes  and 
FIGURE V-4.  X-ray diffractograms (Mo^^ radiat ion)  of  untreated 
phlogopi te  (U),  and of  phlogopi te  that  was t reated for  36 
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FIGURE V-5.  X-ray diffractograms (Mo^^ radiat ion)  of  untreated 
biot i te  (U),  of  biot i te  that  was t reated for  36 days with 
the matr ix  weather ing solut ion (M36),  and of  biot i te  that  
was t reated for  2 ,  4 ,  6 ,  or  36 days with the HgOg 
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FIGURE V-6.  X-ray diffractograms (Mo^^ radiat ion)  of  untreated 
s iderophyl l i te  (U),  and of  s iderophyl l i te  that  was t reated 
for  36 days with the matr ix  (M36) or  HgOg (H36) 
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a more disordered sample.  Exfol ia t ion of  the mica during the HgOg 
t reatment ,  which would decrease the thickness  of  the crystal l i tes ,  could 
be a  cause of  the peak broadening.  The increase in  the 005 peak height  
re la t ive to  the 004 is  evidence for  a  decrease in  the electron densi ty  
of  the octahedral  sheet  (Chapter  I I I ) .  This  change in  the diffract ion 
pat tern,  therefore ,  suggests  that  a . loss  of  octahedral  cat ions occurred 
during the HgOg t reatment ,  probably to  balance the charge created by 
oxidat ion.  In fact ,  the cat ion eject ion could be responsible  for  the 
exfol ia t ion as  wel l ,  s ince an expansion of  the inter layer  region would 
be required to  e ject  the cat ions from the s t ructure .  Thus,  cat ion 
eject ion could contr ibute  indirect ly  to  the peak broadening that  i s  
observed.  The diffract ion data  for  the biot i te ,  then,  support  the 
conclusions drawn from the chemical  and kinet ic  data  of  Chapter  IV,  
namely,  that  exfol ia t ion and cat ion eject ion occurred during the HgOg 
t reatment .  
In  Figure V-6,  the  diffract ion t races  for  the s iderophyl l  i te  
samples  are  shown.  As for  the untreated phlogopi te  and biot i te  samples ,  
the  t race for  the untreated s iderophyl l i te  sample shows a  c lear ly  
resolved doublet .  And,  because of  the high Fe content  of  the 
s iderophyl l i te  ( i .e . ,  high e lectron densi ty  in  the octahedral  sheet) ,  
the intensi ty  of  the 004 ref lect ion is  much higher  than for  the 005 
ref lect ion.  With the matr ix  t reatment ,  the resolut ion of  the 
doublet  seems to  improve s l ight ly .  Otherwise,  the  matr ix  and HgOg 
t reatments  produced l i t t le ,  i f  any,  change in  the diffract ion pat tern 
for  the s iderophyl l i te .  These resul ts  are  also consis tent  with the 
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conclusions reached in  Chapter  IV.  
Using the method of  Chapter  I I I ,  the ra t ios  of  the observed 
s t ructure  factors  for  the 004 and 005 ref lect ions were calculated (Table  
V-4) .  As expected from the resul ts  in  Chapter  I I I ,  the s t ructure  factor  
ra t ios  in  the untreated micas  var ied with the Fe content  of  the mica.  A 
s l ight  decrease in  the phlogopi te  s t ructure  factor  ra t io  was observed as  
a  resul t  of  the matr ix  t reatment ,  whereas  increases  in  th is  ra t io  were 
observed when the biot i te  and s iderophyl1i te  received this  t reatment .  
These differences,  a l though minor ,  probably ref lect  a  leaching of  
te t rahedral  cat ions from the basal  surfaces  of  the micas  by the matr ix  
solut ion (Figure I I I -2) ,  and serve to  point  out  the sensi t ivi ty  of  the 
method to  s t ructural  features  near  the mica surface.  
With t reatment  by the HgOg solut ion,  a l l  three micas  yielded a  
s izeable  decrease in  the observed s t ructure  factor  ra t io  (Table  V-4) .  
Since a  decrease general ly  ref lects  a  loss  of  e lectron densi ty  from the 
octahedral  sheet ,  these data  are  good evidence for  the eject ion of  
octahedral  cat ions to  balance the charge from oxidat ion of  s t ructural  
Fe(II) .  This  interpretat ion is  supported by the fact  that  the greatest  
decrease in  the s t ructure  factor  ra t io  occurred in  the biot i te  samples ,  
which a lso exhibi ted the most  oxidat ion.  The extent  of  the s t ructure  
factor  ra t io  decrease for  the biot i te ,  however ,  seemed to  s l ight ly  
precede that  of  oxidat ion.  That  i s ,  20% of  the decrease in  the ra t io  
occurred during the f i rs t  day of  t reatment ,  whereas  only 8% of  the 
eventual  increase in  bulk Fe(III)  occurred during that  per iod.  This  
observat ion is  qui te  l ikely a resul t  of  the greater  sensi t ivi ty  of  the 
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TABLE V-4.  Observed x-ray diffract ion s t ructure  
factor  ra t ios  (!F"ioo4/005^ for  mica samples  
before  and af ter  t reatment  with matr ix  and HgOg 
solut ions for  var ious t ime per iods 
Mica 
Treatment  Phlogopi te  Biot i te  Siderophyl l i te  
Untreated 0.436 0.736 0.919 
Matr ix  
36 days 0 .426 0.746 0.960 
HgOg 
1  day — 0.709 
2 days — 0.650 — 
4 days - -  0.625 
6 days — 0.601 
12 days — 0.600 
36 days 0 .404 0.600 0.875 
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x-ray diffract ion method to  changes near  the mica surface than to  
changes in  the bulk sample.  The decrease in  the s t ructure  factor  ra t io  
that  was observed for  the HgOg-treated phlogopi te  (where essent ia l ly  no 
oxidat ion could be measured in  the bulk sample)  could a lso have been a  
resul t  of  th is  surface sensi t ivi ty .  
The two-theta  range scanned for  the mica samples  included angles  
where s t rong peaks for  goethi te ,  lepidocroci te ,  ferr ihydri te  and 
feroxyhi te ,  and a  moderate  peak for  hemati te  would be expected 
(Eggleton,  1988) .  None of  the x-ray diffract ion pat terns ,  however ,  
showed evidence for  the presence of  these crystal l ine Fe oxide phases .  
The exis tence of  amorphous oxide phases  on the external  surfaces  of  the 
t reated mica par t ic les  seems remote given the chemical  environment  to  
which the micas  were subjected.  Indeed,  one of  the select ive 
dissolut ion techniques used to  character ize  the Fe oxide component  of  
soi ls  involves  t reatment  with EDTA solut ions (Borggaard,  1976;  1981) .  
The pauci ty  of  evidence for  these oxides  leads to  the conclusion that  
they are  not  present  in  any s ignif icant  quant i ty .  
Infrared spectra  
The infrared spectra  col lected for  the fresh micas  and for  micas  
af ter  36 days of  weather ing by the HgOg solut ions are  shown in  Figures  
V-7,  V-8,  and V-9.  Spectra  for  the s iderophyl l i te  af ter  t reatment  by 
the matr ix  solut ion for  36 days are  also shown in  Figure V-9 (s imilar  
spectra  for  the matr ix- t reated biot i te  and phlogopi te  samples  were not  
col lected) .  A ref lectance technique was used to  obtain the spectra  for  
FIGURE V-7.  Infrared spectra  of  
phlogopl te  that  was 
weather ing solut ion 
untreated phlogopi te  (U),  and of  
t reated for  36 days with the HLO, 
{H36) ^  '  
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FIGURE V-8.  Infrared spectra  of  untreated biot i te  (U),  and of  biot i te  
that  was t reated for  36 days with the HLO- weather ing 
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FiajRE V-9.  Infrared spectra  of  untreated s iderophyl l i te  (U),  and of  
s iderophyl l i te  that  was t reated for  36 days with the matr ix  
(M36) or  HgOg (H36) weather ing solut ions 
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the  hydroxy!  s t re tching region (4000-3200 cm"^) .  These spectra ,  
therefore ,  are  expected to  be more sensi t ive to  the features  near  the 
mica surface than spectra  for  the l ibrat ional  bands (1200-250 cm"^) ,  
which were obtained by convent ional  t ransmission spectroscopy.  Two 
scans,  a t  medium- and high-gain set t ings on the spectrophotometer ,  were 
made of  the hydroxy!  s t re tching region for  the fresh and HgOg-treated 
ph!ogopi te  samples .  Only high-gain scans were made,  however ,  of  the 
hydroxy!  s t re tching region for  the biot i te  and s iderophyl! i te  samples .  
The width of  the t race in  the high-gain spectra  i s  indicat ive of  the 
random noise  levels  recorded when the spectra  were col lected.  The band 
ass ignments  are  based on those reported by Vedder  and Wilkins  (1969) ,  
Farmer and Russel l  (1964) ,  and Farmer e t  a l .  (1967,  1971) .  
The phlogopi te  samples  exhibi ted s t rong hydroxy!  s t re tching bands 
a t  3705 cm'^ and 3660 cm"^ (Figure V-7) .  These bands are  usual ly  
assigned to  hydroxyls  coordinated by three octahedral  cat ions [Mg-Mg-Mg 
and Mg-Mg-R,  respect ively,  where R i s  Fe(II) ,  A!,  or  Ti]  and thus are  
" t r ioctahedra!"  bands.  There i s  some evidence for  separate  bands ( i .e . ,  
shoulders  on the 3660 cm"^ band)  for  each possible  R cat ion,  but  the 
bands overlap to  give the broad band and are  weak re la t ive to  the 3705 
cm~^ band.  Treatment  with the HgOg solut ion caused the development  of  
two new bands in  the phlogopi te  spectrum, a  weak band a t  about  3550 cm"^ 
and another  moderately s t rong band a t  3450 cm'^.  The f i rs t  band i s  in  
the "dioctahedral"  hydroxyl  s t re tching region,  meaning that  one of  the 
three octahedral  cat ion s i tes  associated with the hydroxyl  i s  vacant .  
This  band i s  a lso barely evident  in  the high-gain spectrum for  the 
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untreated phlogopi te ,  but  seems to  be more pronounced af ter  HgOg 
t reatment .  Thus,  the  HgOg t reatment  seemed to  have increased the 
dioctahedral  character  of  the phlogopi te  very s l ight ly .  The band a t  
3450 cm'^ i s  possibly the resul t  of  protonat ion of  a  basal  oxygen to  
balance the charge loss  from leaching of  te t rahedral  A1 by the 
weather ing solut ion.  Further  evidence for  this  assignment  wil l  be 
presented in  spectra  for  the other  micas .  
The l ibrat ional  bands for  phlogopi te  (Figure V-7)  show s t rong 
vibrat ions associated with Si-0 a t  1000 and 450 cm"^,  Al-0 a t  about  940,  
770,  725 and 655 cm~^,  and Mg-0 a t  815 and 590 cm"^.  There i s  some 
evidence for  a  shoulder  a t  710 cm"^ that  weakens with HgOg t reatment .  
Resolut ion of  the Al-0 band a t  940 cm'^ with this  t reatment  i s  c lear ly  
evident  and may indicate  dis tor t ion of  the te t rahedral  sheet  as  a  resul t  
of  octahedral  and te t rahedral  cat ion e ject ion.  In general ,  however ,  the  
l ibrat ional  spectrum of  the phlogopi te  i s  not  changed by the HgOg 
t reatment  and the s t ructural  a l terat ions resul t ing from weather ing seem 
to  be minor .  
The hydroxyl  s t re tching spectrum for  the untreated biot i te  (Figure 
V-8)  includes a  s t rong band a t  3680 cm"^ with some evidence for  much 
weaker  bands a t  3695,  3660,  and 3630 cm'^.  These four  bands are  in  the 
" t r ioctahedral"  region and can be ass igned to  hydroxyls  associated with 
the Mg-Fe(II)-Fe(II) ,  Mg-Mg-Fe(II) ,  Fe(II)-Fe(II)-Fe(II) ,  and 
Fe(II)-Fe(II)-R(III)  octahedral  cat ion groupings,  respect ively.  In  
addi t ion,  two smaller  bands a t  about  3540 cm"^ and 3440 cm"^ can be 
seen.  The former of  these is  c lear ly  the dioctahedral  hydroxyl  
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st re tching band associated with R(III)-R(III)-Vacancy in  the octahedral  
sheet .  The la t ter  band i s  the same band that  was observed in  the 
phlogopi te  af ter  HgOg t reatment  and i s  bel ieved to  be associated with 
the protonat ion of  basal  oxygens af ter  the loss  of  te t rahedral  A1.  The 
occurrence of  th is  band in  the unweathered biot i te ,  therefore ,  suggests  
that  some te t rahedral  vacancies  are  already present  in  the biot i te  
before  contact  with any weather ing solut ion.  A s imilar  conclusion was 
drawn from the biot i te  x-ray diffract ion data  of  Chapter  I I I .  Taken 
together ,  these two observat ions seem to  provide s t rong evidence for  
te t rahedral  vacancies  in  the unweathered biot i te .  
The hydroxyl  s t re tching spectrum of  the biot i te  changed drast ical ly  
when the mica was t reated by HgOg (Figure V-8) .  The t r ioctahedral  bands 
decreased in  intensi ty ,  whereas  the dioctahedral  bands near  3525 cm~^ 
increased in  width and intensi ty .  This  shif t  in  the intensi ty  of  the 
t r ioctahedral  bands to  the dioctahedral  bands i s  unmistakable  evidence 
for  the occurrence of  octahedral  cat ion eject ion during the oxidat ion 
process .  The adsorbed HgO content  of  the biot i te  a lso seemed to  
increase substant ia l ly  as  shown by the broad band from 3200 cm"^ to  
about  3400 cm"^.  This  broad band can be taken as  indirect  evidence that  
an increase in  external  surface area was induced by exfol ia t ion during 
the HgOg t reatment .  The hydroxyl  band a t  3440 cm"^,  which was 
associated with te t rahedral  vacancies  in  the untreated mica,  was a lso 
evident  in  the spectrum for  the HgOg-treated b iot i te ,  al though i t  seemed 
to  be obscured somewhat  by the dioctahedral  hydroxyl  s t re tching bands 
and the adsorbed HgO bands.  The hydroxyl  s t re tching spectra  for  the 
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biot i te ,  therefore ,  support  the  conclusions made from the resul ts  of  
other ,  independent  techniques regarding the presence of  te t rahedral  
vacancies  in  the untreated mica and the occurrence of  exfol ia t ion and 
cat ion eject ion during the HgOg weather ing t reatments .  
The l ibrat ional  spectra  for  the biot i te  were s imilar  to  those for  
the phlogopi te  with two except ions:  the Mg-0 band a t  815 cm"^ in  the 
phlogopi te  spectra  was absent  in  the biot i te  spectra  and the band a t  590 
cm"^ was much less  intense.  These changes can be expected from the 
lower Mg content  of  the biot i te  re la t ive to  the phlogopi te .  The 
940-cm"^ Al-0 band that  i s  resolved in  the spectra  for  HgOg-treated 
samples  of  biot i te  and phlogopi te  probably ref lects  a  dis tor t ion of  the 
te t rahedral  sheet  brought  on by an increase in  the dioctahedral  
character  of  the mica.  White  e t  a l .  (1961)  were able  to  el iminate  a  
s imilar  band a t  915 cm"^ in  muscovi te  (a  dioctahedral  mica)  by t reat ing 
the expanded mica with molten LiNOg,  a  wel l -known t reatment  for  
inject ing Li  ions into the octahedral  vacancies  of  layer  s i l icates .  
Thus,  emergence of  the band a t  940 cm'^ with HgOg t reatment  may be 
another  piece of  evidence for  octahedral  cat ion e ject ion.  
In addi t ion to  spectra  for  untreated and HgOg-treated samples ,  
spectra  for  the matr ix- t reated sample of  s iderophyl l i te  are  shown in  
Figure V-9.  In  the hydroxyl  s t re tching frequencies  of  the spectrum for  
the untreated sample,  two major  bands are  observed a t  3650 cm"^ and a t  
about  3570 cm"^.  The s t rong band a t  3650 cm"^ i s  assigned to  the 
Fe(II)-Fe(II)-Al  octahedral  cat ion grouping.  The smaller  band seems to  
be made up of  three bands (3590,  3575 and 3550 cm"^)  and these are  
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probably associated with Fe(II)-Al-Li ,  Al-Li-Li ,  and Fe(II)-Al-Vac 
respect ively (Jorgensen,  1965) .  With t reatment  by e i ther  the matr ix  or  
the HgOg solut ions,  the hydroxyl  s t re tching spectrum is  essent ia l ly  
unchanged,  except  for  the development  of  a  band a t  3440 cm"^.  This  band 
i s  absent  in  the untreated mica and,  as  suggested by the x-ray 
diffract ion data  (Table  V-V) and previous discussion for  the other  
micas ,  i s  probably due to  the protonat ion of  basal  oxygens fol lowing the 
leaching/eject ion of  A1 f rom te t rahedral  cat ion s i tes .  
In general ,  the  l ibrat ional  spectra  for  the s iderophyl1i te  (Figure 
V-9)  exhibi ted the same features  as  the other  two micas .  No bands 
associated with Mg-0 were expected (or  found) ,  however ,  and the Al-0 
l ibrat ional  bands were broader  and less  dis t inct  than in  the other  
micas .  This  la t ter  observat ion may ref lect  the much higher  Li  and Fe 
contents  of  the mica or  the presence of  large quant i t ies  of  A1 in  both 
the te t rahedral  and octahedral  sheets .  The Al-0 band near  950 cm"^ was 
scarcely vis ible  in  the spectrum for  the matr ix- t reated sample,  but  
emerged more def ini t ively with the HgOg t reatment ,  perhaps in  response 
to  an e ject ion of  octahedral  cat ions during oxidat ion.  Several  bands 
were observed in  the 200-350 cm"^ range,  most  notably in  the 
matr ix- t reated sample.  These are  diff icul t  to  ass ign,  but  could be 
bending l ibrat ions of  Fe-0 and Al-0.  In  short ,  except  for  the 
development  of  te t rahedral  vacancies ,  the  hydroxyl  and l ibrat ional  
spectra  for  the s iderophyl l i te  samples  showed l i t t le  evidence of  
a l terat ions in  the mica s t ructure  as  a  resul t  of  the weather ing 
t reatments .  
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Summary and Conclusions 
MOssbauer  spectroscopy,  x-ray diffract ion,  and infrared 
spectroscopy were used to  examine the s t ructural  changes that  occur  when 
micas  are  weathered by the matr ix  and HgOg solut ions.  The MOssbauer  
spectra  showed l i t t le  evidence for  change in  the mica s t ructure  with 
HgOg t reatment  other  than the oxidat ion of  Fe(II)  to  Fe(III)  in  the 
biot i te  and showed no evidence for  the formation of  magnet ical ly  ordered 
Fe oxide phases .  Evidence for  exfol ia t ion and cat ion eject ion (peak 
broadening)  was seen in  the x-ray diffract ion pat terns  for  the biot i te  
t reated with HgOg,  however .  Even s t ronger  evidence for  octahedral  
cat ion eject ion during biot i te  oxidat ion came from a  substant ia l  
decrease in  the 004/005 observed s t ructure  factor  ra t io ,  and from 
changes in  the re la t ive intensi t ies  of  the dioctahedral  and 
t r ioctahedral  hydroxyl  s t re tching bands in  the infrared spectrum. Small  
changes in  the s t ructure  factor  ra t ios  and the development  of  a  new 
hydroxyl  band a t  3440 cm"^ in  the infrared spectra  suggest  that  some 
leaching by the matr ix  solut ion of  te t rahedral  cat ions from the exposed 
basal  surfaces  of  a l l  three micas  occurred.  The observance of  the "new" 
hydroxyl  band in  the infrared spectrum for  the untreated biot i te  
corroborates  the x-ray diffract ion evidence for  te t rahedral  vacancies  
that  was presented in  Chapter  I I I .  
In general ,  therefore ,  the s t ructural  information presented here  
supports  the conclusions drawn from the chemical  and kinet ic  data  in  
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Chapter IV. The aqueous oxidation of structural Fe in mica occurs in 
concert with exfoliation and octahedral cation ejection. In the absence 
of this oxidation, only minor structural changes are induced by the 
weathering solutions. None of the analyses demonstrated the existence 
or formation of Fe oxide phases in the treated micas, nor was conclusive 
evidence for the occurrence of deprotonation provided. Even if 
deprotonation did occur it was not the only charge-balancing reaction, 
and was evidently secondary to cation ejection in importance. Studies 
with deuterated micas should help to further define the role of 
deprotonation in oxidative weathering by aqueous solutions. 
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CHAPTER VI. OXIDATIVE WEATHERING OF TRIOCTAHEDRAL MICAS 
BY BUFFERED HgOg SOLUTIONS—3. K-DEPLETED 
AND DEUTERATED SAMPLES 
Introduction 
The weathering of micas by aqueous solutions is a complex 
phenomenon involving the interrelated processes of dissolution, K 
exchange/interlayer expansion, and oxidation of structural Fe. In 
general, dissolution and K exchange do not require other modifications 
to the mica structure before they will occur. Iron oxidation, however 
involves an increase in the amount of positive charge in the mica 
structure, and therefore must be coupled to a charge-balancing reaction 
in order to maintain electrical neutrality in the mica. Several 
charge-balancing reactions have been suggested (the ejection of 
interlayer cations, octahedral cations, or hydroxyl protons), all of 
which Involve the loss of an equivalent amount of positive charge from 
some other site in the mica. Two of these reactions, the loss of 
Interlayer cations and ejection of octahedral cations, have been shown 
to occur In an aqueous weathering environment (Newman and Brown, 1966; 
Veith and Jackson, 1974, Farmer et al., 1971; Ross and Rich, 1974; Scott 
and Youssef, 1979; 611 kes et al., 1972b; Chapter III, this work). The 
other reaction, deprotonation of structural hydroxyls, is known to occur 
when micas are oxidized by thermal treatments (Vedder and Wilkins, 1969; 
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Robert and Pedro, 1969), but only scant evidence for deprotonation in 
aqueous systems has been offered (Farmer et al., 1971). Indeed, the 
interpretation of the infrared spectra published by Farmer et al. (1971) 
was recently questioned by Scott and Amonette (1988). 
The oxidative weathering experiments of Amonette (1983) and those 
in the previous two chapters were conducted with 1 M K solutions in an 
attempt to minimize the expansion of the interlayer region and, thereby, 
the possibility of loss or exchange of the interlayer cations by the 
weathering solution. The maintenance of a collapsed interlayer region 
would also be expected to inhibit the ejection of octahedral cations. 
Theoretically, then, bulk oxidation could occur in high-K solutions 
only when associated with deprotonation of structural hydroxy!s, and 
thus would require that an internal proton and electron hopping 
mechanism similar to that suggested for thermal oxidation of Fe in 
hydroxylated silicates (Addison and Sharp, 1963; White and Sharp, 1971) 
be operative. In fact, as the results of the aqueous oxidation 
experiments show, oxidation does occur in high-K solutions, but only 
when exfoliation and octahedral cation ejection also occur. The 
conclusion most easily drawn, therefore, is that deprotonation, if it 
occurs at all in aqueous solutions, requires an opening of the mica 
layers by exfoliation or l( exchange. 
A verification of the occurrence of the deprotonation of structural 
hydroxyls when expanded micas are oxidized in aqueous solutions is 
difficult because the broad infrared bands associated with interlayer 
HgO overlap, and thus may obscure, the hydroxy! stretching bands of the 
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mica. This problem might be avoided, however, if the structural 
hydroxyls were deuterated before oxidizing the mica because the 
deuteroxyl stretching region (2800-2500 cm"^) is completely free of 
interferences by HgO vibrations. Any loss of intensity in the 
deuteroxyl stretching bands, therefore, could be taken as evidence for a 
deprotonation reaction, or at least for an exchange reaction involving 
structural deuterons and protons from the oxidizing solution. The 
absence of such a loss in intensity, of course, would be equally strong 
evidence against the existence of a deprotonation mechanism. 
Two other aspects of the role of Fe oxidation in mica weathering 
need clarification, as well. First, because the experiments in 1 M K 
solutions were assumed to have largely negated the possibility for layer 
charge loss as a charge-balancing reaction, this reaction has been 
considered of minimal importance compared to ejection of octahedral 
cations. The question arises, then, whether layer charge loss or cation 
ejection would be more favored in an environment where the weathering 
solution were allowed access to the interlayer region by the 
substitution of a hydrated cation for interlayer K. Second, because no 
direct measurements of particle size distribution or specific surface 
area have been made, the evidence for and against exfoliation of the 
mica during the weathering treatments has been largely of an indirect 
nature. As with the deprotonation mechanism, some sort of a tracer 
having nearly identical properties to K needs to be used in order to 
distinguish native interlayer K from that which may have entered the 
interlayer region by exchange during treatment. Rubidium (Rb), which 
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has a slightly stronger affinity for the interlayer region of micas than 
K but otherwise behaves similarly (Scott and Smith, 1987), is a 
reasonable and Inexpensive substitute for K. An analysis of the mica 
solids after treatment by weathering solutions spiked with Rb, thus, 
should provide incontrovertible evidence that the contracted condition 
of the mica layers was, or was not maintained during the oxidation 
treatment. 
The experiments in this chapter, therefore, serve to clarify some 
of the questions about oxidative weathering of micas that were left 
unanswered by Chapters IV and V. In particular, definitive proof for 
the presence or absence of deprotonation and exfoliation reactions 
during the oxidation treatments is sought. And, the changes in layer 
charge that occur when the interlayer region is accessible to the 
oxidizing solution are examined. Lastly, these results are compared 
with those for weathering treatments in which no strong oxidant is 
present in order to distinguish the changes associated with oxidation 
from those changes associated with other weathering reactions such as 
dissolution. 
Experimental 
Micas and apparatus 
Three trioctahedral micas, a phlogopite, a biotite, and a 
siderophyllite were included in this study. The sources, preliminary 
treatments, and structural formulas of these micas, as well as the 
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weathering apparatus and general operating procedures for 
continuous-flow weathering experiments are described in Chapter IV. 
K-depletion and deuteration 
To study the oxidative weathering of micas having expanded 
interlayer regions, and to monitor the possible occurrence of 
deprotonation mechanisms during weathering, the micas were K-depleted 
and deuterated prior to receiving the weathering treatments. 
K-depletion was accomplished in sodium tetraphenylborate (NaBPh^) 
solutions under conditions that would minimize the oxidation of 
structural Fe (Scott and Youssef, 1979). The method involved treating 
six 0.5-g samples of each mica with 10 ml of 1 M NaCl-0.2 M NaBPh^-0.01 
M NagEDTA for 8 hours at 65®C. The suspensions were centrifuged, the 
supernatant saved, and then the six 0.5-g samples were combined on a 
filter paper in a large Buchner funnel. The 3-g combined sample was 
washed thoroughly with a solution of 0.5 M NaCl in 60% acetone to 
dissolve and remove the KBPh^ precipitate, washed with HgO to remove the 
acetone, and then transferred to a 250-ml flask. To remove K reabsorbed 
by the mica during the washing procedure, the sample was retreated at 
25°C with the supernatant solution that had been saved. After several 
hours, the supernatant was removed and saved, and the mica washed as 
before with the 0.5 M NaCl-60% acetone solution. This retreatment and 
washing procedure was repeated for a total of 4 times during a 72-hour 
period to obtain Na-saturated mica samples that had low levels of 
original or readsorbed K. After the last 0.5 M NaCl-60% acetone 
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washing, the mica was washed in 100% acetone to remove any excess salt, 
allowed to air-dry for several hours, and then stored in a glass vial. 
Subsamples of the Na-saturated micas were deuterated at elevated 
temperatures in a high pressure Parr bomb. To do this, 0.5 g of 
Na-saturated mica were placed in a 10-mm diameter Teflon cylinder that 
was capped with a 0.2-um porosity Teflon filter membrane on one end. 
The cylinder containing the mica was placed inside the Parr bomb, to 
which 0.3 g of finely ground Ni(m) (a redox buffer) and 0.5 ml of DgO 
had already been added. The bomb was sealed and then heated in a muffle 
furnace at 275°C. After 2 hours, the bomb was removed from the furnace 
and allowed to cool, the cylinder removed, and the mica recovered by 
rinsing with 100% acetone, filtering and air-drying. When two 0.5-g 
samples of each mica had been prepared, they were combined and treated 
for a second time in the Parr bomb under the same conditions as in the 
initial treatment. This procedure yielded 1-g deuterated samples of the 
three Na-saturated micas (hereafter referred to as Na-deuterated micas). 
Weathering treatments 
Four separate weathering treatments were applied to the 
Na-deuterated mica samples. Two of these treatments involved weathering 
with 1 M Na0Ac(pH 4.7)-0.1 M NagEDTA (termed the Na-matrix solution) or 
25% HgOg-l M Na0Ac(pH 4.7)-0.1 M NagEDTA (termed the Na-HgOg solution) 
and were applied to the mica samples for a total of 6 hours at 80°C. 
The third and fourth weathering treatments involved solutions that were 
identical to the Na-matrix and Na-HgOg solutions except that K was 
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substituted 1n place of Na and they contained 0.06 M RbCl (added as a 
tracer). The latter two solutions were termed the K,Rb-matrix and 
K.Rb-HgOg solutions, respectively. Prior to treating the micas with the 
K,Rb solutions, however, the Na-deuterated micas were treated with a 1 M 
KOAc-0.1 M KgEDTA solution that contained no Rb (referred to as the 
K-matrix solution) for 28 hours at 80°C. This pretreatment resaturated 
the interlayer region with K and caused a collapse of the mica layers, 
thus ensuring that a reopening of the layers during the ensuing K,Rb 
treatments could be detected by an increase in the Rb content of the 
micas. After the K-matrix pretreatment, the deuterated mica samples 
were treated with the K,Rb-matrix or the K^Rb-HgOg solutions for six 
days. Duplicate 80-mg samples of mica were weathered by each of the 
four treatments and the apparatus and experimental conditions (e.g., 
temperature, flow rate) were identical to those of the "main" experiment 
described in Chapter IV. The effluents from the Na-saturated treatments 
were collected at the end of the 6-hour treatment period and analyzed 
for A1, Mg and Fe by the procedures of Chapter IV. The sample 
termination procedures were also essentially those of Chapter IV, but 
NaCl was substituted for KCl in the washing solutions for samples from 
the Na-matrix and Na-HgOg treatments. 
Analytical techniques 
After the weathering treatments, less than 80 mg of each replicate 
mica sample remained for chemical and structural characterization. 
Forty mg of each replicate were dissolved and analyzed for Fe(II) using 
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the recommended method of Chapter II. When the titration step of this 
procedure was finished, the contents of the titration vessel were then 
diluted to 200 ml with HgO. Subsamples of these solutions were further 
diluted to the appropriate levels, and analyzed for K, Na and Rb by 
atomic absorption spectroscopy. All dilutions were performed in plastic 
containers to avoid contamination from the attack of HF on glassware. 
The standard solutions used to calibrate the results were prepared to 
have the same acid matrix as the contents of the titration vessels. 
Duplicate samples of the unweathered Na-deuterated micas were also 
included in these analyses. 
Most of the remaining 25-40 mg of each weathered sample was used to 
characterize the structural changes that might have occurred during the 
weathering treatment. Infrared spectra of the micas were obtained using 
the same reflectance and transmission techniques described in Chapter V. 
X-ray diffraction analyses (CUj^ radiation) of the 001 reflections 
were performed on preferentially oriented samples that were mounted on 
glass slides with double stick tape. These samples had been washed with 
acetone and allowed to air-dry before x-ray or infrared analyses were 
performed. 
Results and Discussion 
Chemical analyses 
The Fe(II) and interlayer cation contents of the untreated micas, 
and of the Na-deuterated micas before and after treatment by the 
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weathering solutions, are shown in Table VI-1. The layer charge of each 
mica, calculated as the sum of the interlayer cation values, is also 
shown. In general, more than 90% of the layer charge in the untreated 
micas was satisfied by K ions. After the Na-deuteration pretreatments, 
all of the layer charge in the phlogopite and biotite and 96% of that in 
the siderophyl1ite was satisfied by Na ions. In each Na-deuterated mica, 
however, associated decreases in the total layer charge and in the 
Fe(II) content were observed. Thus, the biotite lost 43% of its Fe(II) 
and 17% of its layer charge during the K-depletion procedure whereas 
the siderophyl1ite lost 27% and 10%, and the phlogopite 5% and 5%, 
respectively. Analyses of the Na-saturated siderophyl1ite before and 
after deuteration showed no effect of the procedure on the Fe(II) 
content of this mica and, presumably, the other two micas as well. The 
decreases in Fe(II) content, therefore, must have occurred during the 
K-depletion procedure. 
In absolute terms, the losses of layer charge in the biotite and 
siderophyllite were large enough to balance no more than one-third of 
the increases in positive charge attributable to oxidation. Clearly, 
other charge-balancing reactions must have also occurred in these micas. 
As shown by the phlogopite, however, where the absolute layer charge 
loss was several times the amount of Fe(II) oxidized, some of the layer 
charge "loss" has to be attributed to other processes like an adsorption 
of hydronium ions or protonation of basal oxygens from the contact of 
the freshly exposed basal surfaces with the aqueous solvent. If these 
reactions also occurred in the biotite and siderophyl1ite, then the 
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TABLE VI-1. Inter!ayer cation, !ayer charge and Fe(II) contents of 
untreated mica samp!es and of Na-deuterated mica samp!es 
before and after treatment with Na-matrix, Na-HgOg, 
K,Rb-matrix or K.Rb-HgOg solutions® 
Inter!ayer Cation 





Untreated 230 14*' 0 244 24 
Na-deuterated 0 233 0 233 23 
Na-matrix - - --
-- 21 
Na-HgOg - - - - -- - - 21 
K,Rb-matrix 175 42 0 216 22 
K.Rb-HgOg 186 41 1 227 21 
Biotite 
Untreated 204 16^ 1 221 236 
Na-deuterated 0 184 0 184 135 
Na-matrix - - - - 118 
Na-HgOg - - - - -- - - 36 
K,Rb-matrix 146 39 0 184 135 
K.Rb-HgOg 138 24 27 189 75 
Siderophyllite 
Untreated 198 10^ 9 216 358 
Na-deuterated 8 186 1 195 263 
Na-matrix - - -- - - 242 
Na-HgOg - - - - - - 95 
K,Rb-matrix 20 168 1 189 263 
K.Rb-HgOg 55 120 21 197 107 
®Data adjusted for inter!ayer cation occupancy and HpO content to 
be consistent with those for untreated mica. 
^Datum estimated from structural formula (ICP-AES). 
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contribution of layer charge loss to balance the charge created by 
oxidation must be even smaller than the data in Table VI-1 suggest. 
Treatment of the Na-deuterated micas by the weathering solutions 
produced widely differing amounts of Fe(II) oxidation (Table VI-1). For 
the phlogopite, very little oxidation was observed in any of the 
weathering treatments. For the biotite and siderophyl1ite samples, 
however, the treatment effects were large. No oxidation occurred during 
the K,Rb-matrix treatments, but during the Na-matrix treatments roughly 
10% of the Fe(II) initially present in the Na-deuterated samples was 
oxidized. Treatment with Na- or K.Rb-HgOg solutions caused much of the 
remaining Fe(II) to be oxidized. More Fe(II) was oxidized in the 
Na-HgOg treated micas than in the K.Rb-HgOg treated micas even though 
the treatment period for the latter micas was 24 times longer. The 
differences in the extent of oxidation can be attributed to the stronger 
tendency for the mica layers to contract in the K.Rb-solutions than in 
the Na solutions, and by so doing, to inhibit the transfer of electrons, 
protons and cations between the interlayer region of the mica and the 
bulk solution. 
Changes in layer charge during the weathering treatments were 
surprisingly small considering the large quantities of Fe(II) that were 
oxidized in some of the treatments. Data for the Na solutions were not 
obtained, but, for the K,Rb solutions, little or no change in layer 
charge was observed in the biotite and siderophyl 1 ite samples. On the 
other hand, losses of as much as 17 cmol kg"^ (7%) of the layer charge 
were observed in the phlogopite samples even though oxidation was only 
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about 1 cmol kg"^ (4%). Thus, the association between oxidation and 
layer charge decrease that existed during the Na-deuteration 
pretreatments was not repeated during the weathering treatments. 
Although the changes in total layer charge were small, the 
composition of the cations in the interlayer changed substantially 
during treatment by the weathering solutions (Table VI-1). In the 
biotite, for example, nearly 80% of the interlayer Na was replaced by K 
as a result of treatments by the K-matrix and K,Rb-matrix solutions. In 
contrast, less than 10% of the Na was replaced by K in the 
siderophyllite during the same treatments. As suggested by the failure 
to remove all of the K from the siderophyl1ite during the Na-deuteration 
pretreatments, this difference between the two micas was the result of a 
higher propensity for contraction (i.e., a higher anionic field strength 
in the interlayer region) in the siderophyllite. Thus, only a small 
percentage of K needed to be present in the siderophyllite before the 
layers collapsed and prevented the exchange of the remaining Na. In 
both micas, however, no additional Rb was incorporated into the 
interlayer region as a result of the K,Rb-matrix treatments. This 
implies that all of the K that was incorporated came from the 24-hour 
treatment with the K-matrix solution (before the 6-day K,Rb-matrix 
treatment was started) and that an opening of the interlayer region did 
not occur during the 6-day K,Rb-matrix treatment. 
The HgOg treatments for both micas produced even greater 
replacement of Na and showed substantial incorporation of Rb and K into 
the interlayer region (Table VI-1). It seems clear that an opening of 
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the interlayer region of the siderophyllite and biotite micas occurred 
during the K.Rb-HgOg treatments and that this process was coupled to the 
occurrence of substantial Fe(II) oxidation. In contrast, the phlogopite 
mica showed essentially no incorporation of Rb or oxidation of Fe(II) 
during the matrix or HgOg treatments. If the two processes of exposure 
of the interlayer region and Fe(II) oxidation were independent, the 
phlogopite, with an anionic field strength roughly equal to that of the 
biotite, would have been expected to show Rb incorporation during the 
K^Rb-HgOg treatment. The fact that neither oxidation nor interlayer 
expansion has been observed independently suggests that they are indeed 
1 inked. 
The implications of this linkage are clear. For oxidation of 
Fe(II) to occur in aqueous solutions, the interlayer region must expand 
or exfoliate so that the appropriate charge-balancing reaction can also 
occur. Conversely, if the anionic field strength is so high that 
expansion of the interlayer region is inhibited, no oxidation will occur 
because there is no way to balance the excess charge that would be 
created. Furthermore, this strong evidence for linkage of the oxidation 
and the expansion/exfoliation processes suggests that the coupling of 
oxidation and deprotonation via an electron and proton hopping mechanism 
in the mica interior (Addison and Sharp, 1963; White and Sharp, 1971) 
does not occur to any great extent, under the conditions imposed by 
aqueous solutions. Deprotonation, if it occurs at all, seems analogous 
to octahedral cation ejection in that it is very localized and requires 
an expansion of the interlayer region. 
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Lastly, it should be noted that the extent of oxidation achieved 
during the weathering of the Na-deuterated micas by the K.Rb-HgOg 
solutions was much greater after 6 days of treatment than in the 
original micas after 36 days. This result stems from the irreversible 
alteration of the mica structure that occurs once the native K is 
replaced by hydrated cations. Changes in the tilting and rotation of 
the tetrahedra in the K-depleted mica structure alter the anionic field 
acting on the interlayer cations. The net result is a decrease in the 
anionic field strength of the mica, and thereby an increase in the 
propensity for expansion or exfoliation in the mineral and, hence, 
oxidation of structural Fe(II). 
Infrared spectra 
Selected portions of the infrared spectra for the Na-deuterated 
samples before and after treatment by the weathering solutions are shown 
in Figures VI-1, VI-2, and VI-3. The spectra are arranged to show 4 
major groups of absorption bands: the OH stretching bands (3800-3100 
cm~^), the OD stretching bands (2800-2400 cm"^), the OH bending bands 
(1700-1500 cm"^) and the librational bands (1200-250 cm"^). Because the 
first 3 groups of spectra were obtained by reflectance spectroscopy, 
they are relatively more surface sensitive than the librational spectra, 
which were obtained by conventional transmission spectroscopy. 
In the spectrum for the Na-deuterated phlogopite before weathering 
("Na" in Figure VI-1), a broad absorption band between 3600 and 3000 
cm'^ was obtained and can be attributed to interlayer HgO. Further 
FIGURE VI-1. Infrared spectra of Na-deuterated phlogopite samples 
before and after treatment with Na-matrix, Na-H.Op, 
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FIGURE VI-2. Infrared spectra of Na-deuterated biotite samples before 
and after treatment with Na-matrix, Na-H_0_, K,Rb-matrix 
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FIGURE VI-3. Infrared spectra of Na-deuterated siderophyllite samples 
before and after treatment with Na-matrix, Na-HpO-, 
K,Rb-matrix or K.Rb-HgOg solutions 
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evidence for  this  inter layer  HgO i s  shown by the OH bending vibrat ion a t  
1630 cm"^.  A hydroxy!  s t re tching band a t  3700 cm"^ that  was present  in  
the spectrum for  the untreated mica (Figure V-7)  was obscured (or  was 
a l together  absent)  in  this  spectrum, but  a  s t rong peak a t  the 
corresponding OD s t re tching frequency of  2710 cm'^ was observed.  I t  
would seem, therefore ,  that  some,  i f  not  a l l  of  the hydroxy!  groups were 
replaced by deuteroxyls  during the deuterat ion t reatment .  The 
l ibrat iona!  frequencies  showed Si-0 vibrat ions a t  1000 and 450 cm"^,  
Al-0 vibrat ions a t  about  930 cm"^ and smaller  bands corresponding to  
1 
various octahedral  cat ions in  the range from 815 to  570 cm" ,  These 
la t ter  bands are  diff icul t  to  assign with any cer ta inty in  these 
expanded micas ,  as  comparisons among the spectra  for  the 3  micas  wil l  
show. 
The spectra  for  the weathered phlogopi te  samples  (Figure VI-1)  
showed considerable  var iabi l i ty  in  the OH s t re tching and bending bands 
with t reatment ,  but  l i t t le  or  no change in  the OD bands.  The Na-matr ix  
spectrum was essent ia l ly  unchanged from the unweathered spectrum, but  
with t reatment  by the Na-HgOg solut ion a s t rong band developed a t  3250 
cm"^,  lesser  bands a t  3450 cm~^ and 3510 cm"^,  and a  shoulder  a t  about  
3570 cm"^.  The la t ter  two bands are  probably associated with 
dioctahedral  s t ructural  hydroxy!  groups and their  presence suggests  that  
some exchange of  OH for  OD occurred during the HgOg t reatment .  The band 
a t  3450 cm"^ i s  probably associated with protonat ion of  basal  oxygens 
(Chapter  V) and may have been easi ly  observed because of  a  replacement  
of  inter layer  HgO by inter layer  HgOg.  The very s t rong band a t  3250 cm"^ 
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is  a  previously unobserved peak and,  as  wil l  be shown below,  i s  
associated with HgOg t reatments  and the degree of  expansion of  the mica 
layers .  In  general ,  the  hydroxyl  s t re tching spectra  for  the K,Rb-matr ix  
and K.Rb-HgOg t reated samples  were s imilar  to  the corresponding 
Na-solut ion spectra .  The overal l  in tensi t ies  of  the bands associated 
with inter layer  HgO and HgOg (3000-3700 cm'^ and 3250 cm"^,  
respect ively)  were smaller ,  however .  Lower in tensi t ies  of  the OH 
bending peaks near  1630 cm'^ were a lso observed.  These differences are  
probably re la ted to  lesser  amounts  of  inter layer  HgO and HgOg and would 
be expected from contract ion of  the inter layer  region in  the 
K,Rb-treated samples .  Last ly ,  the frequency of  the OD peak shif ted from 
2700 cm"^ in  the Na-deuterated and Na-matr ix  spectra  to  2725 cm"^ in  the 
H202-treated and K,Rb-matr ix  spectra .  X-ray diffract ion data  (shown in  
the next  sect ion)  suggests  that  this  shif t  was a lso re la ted to  a  
contract ion of  the mica layers .  
The hydroxyl  s t re tching band spectra  for  the biot i te  samples  
(Figure VI-2)  shared many of  the same features  seen in  the phlogopi te  
spectra .  A broad band was observed from 3700 to  3000 cm"^ in  spectra  of  
the Na-deuterated and Na-matr ix  samples .  The in tensi ty  of  this  band 
decreased successively in  the Na-HgOg,  K.Rb-matr ix ,  and K.Rb-HgOg 
t reated samples .  A s imilar  decrease in  intensi ty  was observed for  the 
OH bending bands a t  1630 cm"^,  which suggests  that  the broad hydroxyl  
s t re tching band i s  associated with hydrogen bonding of  inter layer  water .  
Some minor  bands were a lso evident  in  a l l  of  the hydroxyl  s t re tching 
spectra  except  for  the Na-matr ix  t reatment .  In  par t icular ,  a  small  band 
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at  3450 cm~^ was seen in  these spectra  and i s  probably due to  
protonat ion of  basal  oxygens associated with te t rahedral  vacancies .  The 
hydroxyl  s t re tching bands for  the di-  and t r i -octahedral  hydroxyl  s i tes  
(3700 to  3520 cm'^)  were a lso evident  in  the Na-HgOg and K,Rb-solut ion 
spectra ,  a l though they were not  wel l -def ined.  A s t rong band was present  
a t  3240 cm'^ in  the Na-HgOg and,  to  a  much lesser  extent ,  in  the 
K.Rb-HgOg spectra .  A s imilar  band was observed in  the phlogopi te  
spectra  and i s  probably associated with inter layer  HgOg t rapped by a  
contract ion of  the mica layers .  
Changes in  the OD s t re tching region (2500 to  2700 cm"^)  of  the 
biot i te  spectrum (Figure VI-2)  were a lso seen with the var ious 
t reatments .  A moderately intense t r ioctahedral  band was present  in  the 
Na-deuterated spectrum a t  2680 cm"^,  with some minor  dioctahedral  bands 
in  the 2600-2500 cm"^ region.  These bands were a lso seen in  the Na- and 
K,Rb-matr ix  spectra ,  a l though,  as  for  the phlogopi te ,  the  ent i re  OD 
s t re tching band was shif ted by 25-30 cm"^ to  a  higher  f requency in  the 
K,Rb-matr ix  spectrum and was somewhat  broader .  The most  important  
change,  however ,  occurred as  a  resul t  of  the HgOg t reatments .  The OD 
bands were essent ia l ly  el iminated by the Na-HgOg t reatment  and 
considerably diminished by the K.Rb-HgOg t reatment .  This  i s  
unmistakable  evidence that  an exchange of  OH for  OD or  a  complete  loss  
of  the posi t ive charge associated with the s t ructural  hydroxyl  s i te  
( i .e . ,  "deprotonat ion")  was induced by the oxidat ion t reatment .  
The extent  to  which th is  loss  of  OD was re la ted to  the oxidat ion of  
s t ructural  Fe(II)  i s  diff icul t  to  determine,  a l though i t  is  clear  that  
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the  greatest  loss  occurred In the sample that  was oxidized the most .  
The infrared spectra  for  the s iderophyl l i te  (Figure VI-3)  were 
dif ferent  In several  respects  from those of  the other  two micas .  Firs t  
of  a l l ,  there  was much less  water  in  the inter layer  region as  shown by 
the minor  bands in  the OH bending spectra  (1700 to  1500 cm"^)  and the 
smaller  in tensi t ies  of  the broad OH s t re tching bands (3700 to  3000 
cm"^) .  Secondly,  the  OD s t re tching bands did not  shif t  f requencies  as  a  
resul t  of  the different  t reatments .  Thirdly,  even though substant ia l  
oxidat ion occured in  the HgOg t reated samples ,  the  intensi t ies  of  the 00 
s t re tching bands (2800 to  2400 cm"^)  were diminished to  a  lesser  degree 
than in  the biot i te .  Thus,  deprotonat ion or  OD exchange for  OH seemed 
to  occur  with t reatment  by the HgOg solut ions,  but  was not  as  prevalent  
as  in  the biot i te .  
The s imilar i t ies  of  the s iderophyl l i te  spectra  with those for  the 
other  micas  included the minor  band near  3450 cm"^ that  may indicate  
hydroxyls  a t  te t rahedral  vacancies ,  and the s t rong band a t  3270 cm"^ in  
the Na-HgOg spectrum that  i s  probably re la ted to  t rapped inter layer  
HgOg.  A d ioctahedral  OH s t re tching band a t  3590 to  3570 cm"^ was seen 
in  most  of  the s iderophyl l i te  spectra ,  but  there  was l i t t le  or  no 
evidence for  the t r ioctahedral  band a t  3650 cm"^.  In  fact ,  the 
t r ioctahedral  bands were obscured in  almost  a l l  of  the spectra  obtained 
from the deuterated micas .  This  observat ion can be explained e i ther  by 
the occurrence of  cat ion eject ion to  balance the oxidat ion during the 
Na-deuterat ion pretreatment  or  by the dis tor t ion of  the spectra  from the 
Chris t iansen effect  (Pr ice  and Tet low,  1948) .  In  many of  these spectra .  
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the  Chris t iansen effect  was c lear ly  vis ible  as  the large peak preceding 
the hydroxyl  s t re tching band,  but  that  does not  rule  out  a  possible  
contr ibut ion of  cat ion eject ion ( i .e . ,  the t ransformation of  
t r ioctahedral  s i tes  to  dioctahedral  s i tes) .  
Treatment- induced changes in  the l ibrat ional  spectra  of  the 
s iderophyl l i te ,  and the other  two micas  as  wel l ,  were re la t ively minor  
and,  with one except ion,  did not  lead to  any consis tent  interpretat ions 
(Figures  VI-1,  VI-2,  and VI-3) .  The except ion concerns the resolut ion 
of  the Si-0 and Al-0 vibrat ions a t  approximately 1000 and 930 cm'^,  
respect ively.  In the untreated micas  (Figures  V-7,  V-8,  and V-9) ,  the  
two vibrat ions were scarcely separable .  After  K-deplet ion and 
deuterat ion,  however ,  the  two peaks were c lear ly  def ined (Figures  VI-1,  
VI-2,  and VI-3) .  The def ini t ion was los t  somewhat  dur ing the Na-matr1x 
t reatment ,  but  was very s t rong in  the spectra  for  the Na-HgOg and 
K,Rb-matr ix  t reated samples .  Then,  cur iously,  the separat ion of  these 
two vibrat ions near ly  disappeared as  a  resul t  of  the K^Rb-HgOg 
t reatment .  The separat ion of  the Al-0 and Si-0 vibrat ions may be 
re la ted to  the amount  of  dis tor t ion in  the te t rahedral  sheet  caused by 
the degree of  expansion and nature  of  the species  occupying the 
inter layer  region.  Further  evidence for  this  explanat ion,  however ,  must  
come from measurements  of  the d-spacings by x-ray diffract ion.  
X-ray diffract ion data  
The 001 d-spacings of  the a i r -dry Na-deuterated samples ,  measured 
before  and af ter  t reatment  by the weather ing solut ions,  are  summarized 
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in  Table  VI-2.  In  general ,  3  different  d-spacings were observed.  These 
corresponded to  expanded (1  layer  of  HgO),  in termediate ,  and completely 
contracted phases .  For  reference,  the 001 d-spacings of  the untreated 
K-micas  were 0 .98,  0 .98,  and 0 .97 nm for  the phlogopi te ,  b iot i te ,  and 
s iderophyl l i te ,  respect ively.  
The phlogopi te  and biot i te  micas  had near ly  ident ical  d-spacings 
af ter  each of  the var ious t reatments .  The Na-deuterated samples  were 
most ly  expanded to  1.22 nm, but  some completely contracted layers  (0.96 
nm) were a lso present  [ the 001 d-spacings of  these contracted 
Na-saturated layers  are  less  than those for  the untreated K-micas  
because of  the smaller  ionic  radi i  of  the Na ions  (0.097 nm) re la t ive to  
the K ions  (0.133 nm)] .  Exposure of  these samples  to  the Na-matr ix  
solut ion resul ted in  a  complete  expansion of  the mica layers .  Treatment  
by the Na-HgOg solut ion,  however ,  caused most  of  the expanded layers  to  
col lapse to  an intermediate  d-spacing of  1 .04-1.05 nm. This  col lapse 
was probably a  resul t  of  the higher  dipole  moment  of  HgOg re la t ive to  
HgO, and,  as  a  consequence,  the  formation of  s t ronger  hydrogen bonds to  
l ink the mica layers .  Treatment  with the K,Rb-solut ions ( including the 
pretreatment  with the K-matr ix  solut ion)  a lso caused the phlogopi te  and 
biot i te  layers  to  col lapse,  but ,  for  the K,Rb-matr ix  t reatments  the 
degree of  contract ion was not  complete .  Thus,  ra ther  than returning to  
the or iginal  0.98-nm d-spacing,  the micas  only col lapsed to  1.00-1.01 
nm. Apparent ly ,  the  anionic  f ie ld  s t rength was not  high enough to  
completely e l iminate  the HgO and HgOg molecules  that  were caught  between 
the layers .  The extent  of  col lapse differed,  however ,  for  the K.Rb-HgOg 
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TABLE VI-2.  Values  for  001 d-spacings and re la t ive peak heights  of  
expanded,  intermediate  and contracted layers  in  
Na-deuterated mica samples  before  and af ter  t reatment  
with Na-matr ix ,  Na-H-O,,  K.Rb-matr ix  or  K.Rb-H.O.  
solut ions 














Phlogopi te  
— nm — - -  %  - - - -  nm - - — % — -  -  ntn -  - -  -  % - -
Na-deuterated 1 .22 100 -  - 0.96 16 
Na-matr ix  1 .22 100 - - -  - -- - -
Na-HgOg 1 .21^ < 5^ 1 .05 100 -  -
K,Rb-matr ix  -  - - - 1.01 100 - - - -
K.Rb-HgOg -  - -  - 1.01 100 - - - -
Biot i te  
Na-deuterated 1 .22 100 - - -  —  0.96 < 5  
Na-matr ix  1 .22 100 - -
Na-H202 1 .23 < 5  1 .04 100 - - -  -
K,Rb-matr ix  - - -  - 1.00 100 - - --
K.Rb-HgOg - - -  - -  - 1.00 100 
Siderophyl1i te  
Na-deuterated -  - - - -  - -- 0.96 100 
Na-matr ix  1 .22 100 -  - 0.96 29 
Na-HgOg 1 .22 34 1 .02 100 0.96^ < 5^ 
K,Rb-matr ix  -  - -- - - -  - 0.96 100 
K.Rb-HgOg -  - -  - - - - - 0.99 100 
®Peak heights  are  re la t ive to  the largest  peak in  a  given mica 
diffractogram (peak heights  for  different  samples  cannot  be compared) .  
^Peak i s  shoulder  on larger  peak.  
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t reated samples .  In  the phlogopi te ,  some inter layer  HgO remained and 
the same intermediate  d-spacing was observed as  for  the K,Rb-matr ix  
t reated sample.  The b iot i te ,  in  contrast ,  col lapsed completely to  1.00 
nm. In  th is  instance,  a  1 .00-nm d-spacing was considered complete  
col lapse because of  the presence of  inter layer  Rb ions ,  whose radi i  
(0 .147 nm) are  suff ic ient ly  larger  than those of  K ions  (0.133 nm) to  
add about  0 .02 nm to  the d-spacing.  
The s iderophyl1i te ,  as  shown by the higher  proport ion of  contracted 
layers  in  Table  VI-2,  seemed to  have a  much larger  anionic  f ie ld  
s t rength than the other  micas .  The in i t ia l  Na-deuterat ion t reatment  
resul ted in  a  completely contracted sample (0.96-nm d-spacing) ,  and 
roughly one-fourth of  the layers  were s t i l l  contracted af ter  t reatment  
with the Na-matr ix  solut ion.  Treatment  with the Na-HgOg solut ion 
resul ted in  a  mixture  of  3  different  d-spacings:  approximately 25% of  
the layers  were expanded,  70% were a t  1.02 nm, and 5% were completely 
contracted.  As with the other  micas ,  pretreatment  by the K-matr ix  
solut ion and t reatment  by the K,Rb-solut ions a lso resul ted in  contracted 
mica layers .  For  the  s iderophyl l i te ,  however ,  the  degree of  contract ion 
was complete  in  both the K,Rb-matr ix  and K^Rb-HgOg t reated samples  af ter  
account ing for  the ionic  radius  of  the inter layer  Rb ions that  were 
present  in  the la t ter  samples .  
The occurrence of  expanded layers  in  the Na-treated micas  was 
expected from the re la t ive hydrat ion energies  of  K and Na ions .  What  
was surpr is ing,  perhaps,  was that  a  d-spacing of  1 .22 nm was observed 
ra ther  than the 1.49-nm spacing normally expected for  hydrated 
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vermicul i tes .  The analysis  of  a i r -dr ied samples  was probably 
responsible  for  this  anomaly.  To ver i fy  this  explanat ion,  two of  the 
weathered biot i te  samples  (Na-matr ix  and Na-HgOg) were wet-mounted by 
suct ion onto porous quartz  t i les .  The diffractograms obtained by this  
mounting procedure were ident ical  to  those obtained for  the a i r -dr ied 
samples ,  except  that  a l l  of  the layers  that  were a t  1.22-1.23 nm in  the 
a i r -dr ied sample yielded a  1.49-nm d-spacing.  
X-ray diffractograms of  the mica samples  that  were taken af ter  
K-deplet ion and before  the deuterat ion t reatment  showed that  a l l  the 
layers  were expanded.  The presence of  completely contracted layers  in  
the Na-deuterated samples ,  therefore ,  was probably a  consequence of  the 
high pressure in  the Parr  bomb during the deuterat ion t reatment .  All  of  
the contracted layers  in  the phlogopi te  and biot i te  samples  were 
expanded by the Na-solut ion t reatments .  The s iderophyl l i te  samples ,  
however ,  s t i l l  re ta ined some contracted layers  af ter  these t reatments .  
Other  considerat ions,  such as  dioctahedral  character  and a  high F 
content ,  may have contr ibuted to  the higher  anionic  f ie ld  s t rength of  
the Na-deuterated s iderophyl l i te  and thus prevented complete  expansion 
of  th is  mica by the Na-solut ion t reatments .  
Perhaps the most  cur ious d-spacings observed were the 1.02-  to  
1.05-nm spacings for  the Na-HgOg t reated samples .  These same samples  
a lso exhibi ted s t rong hydroxyl  s t re tching bands a t  3270-3240 cm"^ in  the 
infrared spectra .  The associat ion between HgOg t reatment  and these two 
observat ions suggests  that  wel l -ordered HgOg may be present  in  the 
inter layer  region of  these micas .  Conceivably,  the  oxygen atoms in  the 
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HgOg molecule  could be s i tuated in  adjacent  inter layer-cat ion s i tes  and 
l inked by hydrogen bonds to  basal  oxygens (or  to  oxygens in  the 
octahedral  sheet  i f  deprotonat ion of  s t ructural  hydroxyls  had occurred) .  
The s t rength of  these hydrogen bonds apparent ly  i s  suff ic ient  to  cause a  
par t ia l  contract ion of  the mica layers ,  but  complete  contract ion may be 
prevented by repuls ion between the s t ructural  oxygens and HgOg oxygens.  
Another  explanat ion for  the intermediate  d-spacings in  the Na-HgOg 
t reated samples  could be the intercalat ion of  acetate  or  EDTA anions 
from the matr ix  solut ion.  This  does not  seem l ikely,  however ,  because 
of  the negat ively-charged environment  between the mica sheets  and 
because no evidence for  the intermediate  spacings was seen in  the 
Na-matr ix  t reated samples .  Yet  a  thi rd  possible  explanat ion for  these 
spacings i s  that  offered by Farmer e t  a l .  (1971) ,  who observed 
d-spacings of  1 .11 and 1 .14 nm in  the expanded biot i tes  they oxidized 
with HgOg solut ions.  These authors  suggested that  e jected ferr ic  ions 
formed hydroxides  in  the inter layer  regions of  the mica and,  thus,  
prevented a  complete  re turn of  the layers  to  the or iginal  spacing.  This  
explanat ion does not  apply to  the present  s tudy,  however ,  because the 
d-spacings observed (1.02-1.05 nm) were much c loser  to  the or iginal  
spacings (0 .97-0.98 nm) and because they also occurred in  the 
phlogopi te ,  which had a lmost  no s t ructural  Fe.  
The occurrence of  the intermediate  d-spacings a lso seems to  be 
associated with the degree to  which the Si-0 and Al-0 infrared 
vibrat ions (a t  1000 cm"^ and 930 cm"^,  respect ively)  are  resolved 
(Figures  VI-1,  VI-2,  and VI-3) .  I f  the resolut ion of  the two infrared 
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vibrat ions i s  caused by dis tor t ion in  the te t rahedral  sheet ,  the 
greatest  resolut ion would be expected in  those samples  containing 
t rapped HgO or  s t rongly-bound HgOg.  Conversely,  the  least  resolut ion 
would be expected in  completely col lapsed micas  in  which no for iegn 
molecules  were t rapped,  and in  the completely expanded micas  where the 
forces  holding the layers  together  would be much weaker  than in  the 
H202-intercalated micas .  This  scheme explains  the observed data  fa i r ly  
well  except  for  the K.Rb-matr ix  t reated s iderophyl l i te  where complete  
col lapse of  the layers  s t i l l  resul ts  in  some separat ion of  the Si-0 and 
Al-0 vibrat ions.  Perhaps inter layer  Rb ions,  by keeping the layers  of  
the mica fur ther  apar t  than inter layer  K ions ,  decrease the s t ra in  on 
the te t rahedral  sheet  from that  when K i s  the sole  inter layer  cat ion.  
I f  so ,  then the low levels  of  Rb in  the K,Rb-matr ix  t reated mica 
re la t ive to  the K^Rb-HgOg t reated mica could explain the differences in  
resolut ion of  their  Si-0 and Al-0 vibrat ions seen in  Figure VI-3.  
Eff luent  analyses  
The f ract ions of  A1,  Mg,  and Fe that  were measured in  the eff luent  
for  the mica samples  t reated by the Na-matr ix  and Na-HgOg solut ions are  
shown in  Table  VI-3.  The Na-matr ix  t reatment  caused the release of  
small  and roughly equivalent  f ract ions from the micas .  These data  would 
be expected for  a  uniform bulk dissolut ion process .  With t reatment  by 
HgOg,  however ,  larger  f ract ions of  the s t ructural  cat ions (par t icular ly  
A1 and Fe)  were measured in  the eff luent .  Par t  of  th is  increase could 
have been re la ted to  an increase in  the external  surface area of  the 
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TABLE VI-3.  Fract ions of  Al ,  Mg,  and Fe recovered in  the 
eff luent  from Na-deuterated mica samples  during 
t reatment  by Na-matr ix  or  Na-HgOg solut ions for  a  
6-hour  per iod® 
Mica Sample A1 Mg Fe 
<¥ 
Phlogopi te  
Na-matr ix  0 .03 (0.00)  0 .04 (0.00)  B.D.b 
Na-HgOg 0 .11 (0.01)  0 .09 (0.01)  l . lEf  
Biot i te  
Na-matr ix  0 .03 (0.02)  0 .04 (0.00)  0 .06 (0.03)  
Na-HgOg 1 .22 (0.39)  0 .28 (0.10)  0 .70 (0.17)  
Siderophyl l i te  
Na-matr ix  0 .02 (0.01)  B.D.b 0 .06 (0.06)  
Na-HgOg 1 .50 (0.59)  B.D.b 1 .83 (0.57)  
^Expressed as  a  percent  of  amount  in  or iginal  K mica 
(s tandard deviat ion is  given in  parentheses) .  
' 'Levels  measured were a t  or  below the detect ion l imit .  
^One repl icat ion only.  
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micas caused by exfol ia t ion of  the mica layers .  I t  i s  l ikely,  however ,  
that  most  of  the increase was due to  the e ject ion of  octahedral  cat ions 
to  balance the charge created by Fe(II)  oxidat ion.  The large fract ions 
of  A1 and Fe that  were re leased during the Na-HgOg t reatments  suggests  
that  these t r ivalent  cat ions are  ejected preferent ia l ly  to  Mg dur ing the 
charge-balancing process .  Similar  resul ts  were obtained for  the K-HgOg 
t reated biot i te  in  Chapter  IV.  The phlogopi te ,  however ,  d id  not  show 
preferent ia l  e ject ion of  A1.  This  resul t  could be re la ted to  the fact  
that  only 11% of  the A1 in  the phlogopi te  occurred in  the octahedral  
sheet ,  compared with 23 and 45% in  the biot i te  and s iderophyl l i te ,  
respect ively (Table  IV-1) .  The very small  f ract ion of  Fe(II)  that  was 
oxidized in  the phlogopi te  may have been Fe that  occurred in  specif ic  
domains in  the octahedral  sheet  that  contained very l i t t le  A1.  The 
phlogopi te ,  then,  balanced the charge from Fe(II)  oxidat ion mainly by 
the eject ion of  Fe(III) .  
Rough calculat ions of  the fract ion of  the charge created by Fe(II)  
oxidat ion that  was balanced by octahedral  cat ion eject ion were made by 
assuming that  the amounts  of  A1,  Mg,  and Fe measured in  the eff luents  
for  the Na-HgOg t reatments  were ent i re ly  due to  e ject ion of  these 
cat ions.  The calculat ions,  thus,  assumed that  no bulk dissolut ion of  
the micas  occurred during the t reatment .  The resul ts  of  these 
calculat ions showed that  the phlogopi te  e jected more cat ions than were 
needed to  balance the charge from oxidat ion of  s t ructural  Fe(II) .  The 
b iot i te  and s iderophyl l i te ,  however ,  e jected enough octahedral  cat ions 
to  balance only 14 and 23%, respect ively,  of  the charge created by 
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Fe(II)  oxidat ion.  Since the 24-ml eff luent  solut ions did not  include 
the 10-ml port ion that  was s t i l l  in  the react ion f lask a t  the t ime the 
samples  were terminated,  an increase of  about  42% in  these values  ( to  20 
and 32% for  the biot i te  and s iderophyl1i te ,  respect ively)  can be made.  
Even with this  compensat ion,  however ,  the  amounts  of  charge balanced by 
cat ion eject ion are  s t i l l  less  than one-third of  the total  charge 
created.  For  these two micas ,  then,  e i ther  deprotonat ion or  a  decrease 
in  layer  charge must  have occurred to  balance the remaining charge.  
Inasmuch as  a  large decrease in  layer  charge seems unl ikely from the 
resul ts  of  the K.Rb-HgOg t reatments ,  deprotonat ion must  have been a  
major  factor  in  the oxidat ion mechanisms for  these two Na-micas .  This  
i s  c lear ly  evident  by the el iminat ion of  the OD s t re tching bands in  the 
infrared spectrum for  the Na-HgOg t reated biot i te  samples  (Figure VI-2) ,  
and in  the diminished intensi ty  of  these bands in  the Na-HgOg t reated 
s iderophyl  1 i te  spectrum relat ive to  the Na-deuterated spectrum (Figure 
VI-3) .  The eff luent  data ,  thus,  suggest  that  the loss  of  OD shown in  
the infrared spectra  for  the HgOg-treated micas  was due to  deprotonat ion 
ra ther  than to  an exchange of  protons for  deuterons.  
Summary and Conclusions 
The resul ts  of  these weather ing s tudies  with expanded and 
deuterated micas  confirm that  several  charge-balancing react ions occur  
when micas  are  K-depleted and oxidized in  aqueous solut ions.  During 
K-deplet ion,  the mica layer  charge decreases  s l ight ly  in  proport ion to .  
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but  not  in  equivalence with,  the fract ion of  Fe(II)  that  i s  oxidized.  
Subsequent  oxidat ion of  the s t ructural  Fe(II)  by HgOg solut ions 
containing K and Rb,  however ,  seems to  have l i t t le  effect  on the layer  
charge.  Thus,  the bulk of  the charge created by Fe(II)  oxidat ion in  the 
contracted micas  (and,  presumably,  in  the expanded micas)  i s  balanced by 
mechanisms other  than layer  charge loss .  
Both octahedral  cat ion eject ion and a  loss  or  exchange of  
s t ructural  hydroxyls  occur  in  micas  t reated with HgOg solut ions.  
Although i t  is  uncertain whether  the  loss  of  protons i s  permanent  or  i f  
a  proton exchange react ion is  involved,  charge balance calculat ions 
based on analyses  of  the eff luents  suggest  that  some permanent  
deprotonat ion must  occur .  When deprotonat ion does occur ,  i t  seems to  be 
local ized a t  the edges and exposed surfaces  of  the mica and,  
consequent ly ,  does not  a l low a  means for  oxidat ion of  contracted mica 
layers .  Indeed,  the  evidence from this  s tudy confirms the conclusion 
reached in  Chapters  IV and V that  very l i t t le  oxidat ion occurs  without  
an opening of  the mica layers .  Furthermore,  jus t  as  an expansion of  the 
inter layer  region can induce oxidat ion in a  reducing environment  (Scot t  
and Youssef ,  1979) ,  th is  s tudy has  shown that  the presence of  a  s t rong 
oxidant  can induce an opening of  the inter layer  region in  a  high-K 
solut ion i f  there  is  suff ic ient  Fe(II)  in  the mica.  
Final ly ,  th is  s tudy has  produced chemical  and infrared 
spectroscopic  evidence for  the protonat ion of  basal  oxygens during 
K-deplet ion in  aqueous solut ions,  and has  demonstrated the sensi t ivi ty  
of  the inter layer  region to  intercalat ion with HgOg.  The contract ion 
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of  the Na-HgOg t reated samples  can most  easi ly  be explained by the 
enhanced hydrogen bonding provided by inter layer  HgOg and i s  an 
interest ing phenomenon worthy of  fur ther  s tudy.  
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CHAPTER VII .  SUMMARY 
The pr imary aim of  this  work was to  examine the occurrence of  
s t ructural  Fe oxidat ion in  micas  weathered by aqueous solut ions,  and in  
par t icular ,  to  resolve the quest ion of  whether  these solut ions can 
oxidize s t ructural  Fe in  micas  whose layers  remain contracted.  Inasmuch 
as  the oxidat ion of  s t ructural  Fe must  be coupled to  a  charge-balancing 
react ion,  considerable  emphasis  was placed on ident i fying and 
character iz ing the possible  charge-balancing react ions that  can occur .  
To th is  end,  several  analyt ical  and experimental  techniques were 
developed,  and weather ing experiments  were performed on three 
t r ioctahedral  micas  encompassing a  wide range in  Fe(II)  content ,  
A method for  the assay of  Fe(II)  in  micas  was developed af ter  a  
survey of  the exis t ing methods found none that  completely sat isf ied the 
mult iple  cr i ter ia  of  precis ion,  speed,  and abi l i ty  to  analyze large 
numbers  of  samples  a t  the same t ime.  The procedure that  was developed 
involves  the digest ion of  the sample in  a  HF-HgSO^ acid matr ix  that  a lso 
contains  a  known quant i ty  of  the mild oxidant ,  V(V).  The digest ion is  
carr ied out  in  a  plast ic  bot t le  a t  60°C for  0 .5  to  4  hours ,  af ter  which 
the digestate  is  cooled and H^BO^ and H^PO^ are  added to  complex the 
excess  f luoride and sharpen the endpoint .  Then,  a  known excess  of  
Fe(II)  i s  added and the solut ion t i t ra ted to  a  purple  endpoint  using Na 
p-diphenyl  aminesul  fonate  as  the indicator .  Sal ient  features  of  the 
method include gravimetr ic  measurements  of  the quant i t ies  of  redox 
217 
reagents  added,  rapid addi t ion of  a l l  reagents  by manual  d ispensers ,  a  
very sharp endpoint ,  and use of  the same container  throughout  the 
procedure.  Interferences from F and A1,  and from Mg and Si  to  a  lesser  
extent ,  were observed,  however ,  and a t t r ibuted to  the formation of  an 
insoluble  Fe(II)-oxyfluoride compound s imilar  to  ra ls toni te  during the 
digest ion procedure.  These interferences are  bel ieved to  be common to  
a l l  t i t r imetr ic  Fe(II)  procedures  that  employ HF to  dissolve the sample 
and can be corrected for  i f  high levels  of  A1 are  present  in  the sample.  
The resul ts  obtained by the method were very precise  and agreed wel l  
with recommended values  publ ished for  several  s tandard minerals .  The 
method,  therefore ,  was considered qui te  sui table  for  the analysis  of  
t r ioctahedral  micas  with low or  moderate  levels  of  s t ructural  A1,  
An x-ray diffract ion method for  es t imat ing the occupancy of  the 
octahedral  and te t rahedral  cat ion s i tes  in  t r ioctahedral  micas  was a lso 
developed.  This  method involves  calculat ions of  a  range of  s t ructure  
factors  for  the 004 and 005 ref lect ions of  the mica based on a  thorough 
chemical  analysis ,  values  for  the fract ional  coordinates  of  the planes 
paral le l  to  the basal  surfaces ,  and a  ser ies  of  assumptions about  the 
dis t r ibut ion of  the cat ions between the te t rahedral  and octahedral  
s i tes .  The calculated s t ructure  factors  are  then compared with the 
observed s t ructure  factors  for  the same ref lect ions to  obtain 
information regarding the actual  cat ion dis t r ibut ion in the mica.  The 
method can a lso be used to  monitor  re la t ive changes in  the cat ion s i te  
occupancies ,  by s imply comparing the observed s t ructure  factors  for  
samples  of  the same mica af ter  var ious weather ing t reatments .  Six 
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t r ioctahedral  micas  were analyzed by this  method,  which proved to  be 
qui te  precise .  The resul ts  showed evidence for  te t rahedral  vacancies  in  
the biot i te  used in  the weather ing experiments  and higher  levels  of  
te t rahedral  Fe in  an anni te  and lepidomelane than were predicted by 
convent ional  cat ion dis t r ibut ion assumptions.  
An apparatus  for  the cont inuous t reatment  of  mica samples  by f resh 
weather ing solut ions was designed and constructed of  iner t  plast ic .  
This  f low-through apparatus  was used to  weather  mica samples  a t  80°C for  
per iods as  long as  36 days.  Three t r ioctahedral  micas ,  a  phlogopi te ,  a  
magnesian b iot i te ,  and a  s iderophyl l i te ,  were chosen to  receive these 
weather ing t reatments .  The 10-  to  20-wm s ize-fract ion (equivalent  
spherical  diameter)  of  these micas  was prepared and used in  a l l  
weather ing experiments  and analyses .  
In  the f i rs t  weather ing experiment ,  samples  of  the micas  were 
t reated for  var ious per iods with 1  M K solut ions ( to  inhibi t  the 
expansion of  the inter layer  region)  that  did or  did not  contain HgOg as  
a  s t rong oxidant .  Samples  of  the eff luent  solut ion were col lected a t  
regular  Intervals  and analyzed for  their  HgOg,  A1,  Mg,  and Fe content .  
The mica samples  were assayed for  Fe(II)  and cat ion s i te  occupancy,  and 
analyzed by MBssbauer  and Infrared spectroscopy,  before  and af ter  
t reatment  by the weather ing solut ions.  
The resul ts  of  this  experiment  showed substant ia l  oxidat ion of  the 
Fe(II)  in  the biot i te  and very s l ight  oxidat ion of  that  in  the 
s iderophyl l i te  af ter  36 days of  t reatment  by the HgOg-containing 
solut ion.  No oxidat ion of  s t ructural  Fe(II)  was observed in  the 
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phlogopi te  or  in  any of  the mica samples  that  were t reated with 
solut ions that  did not  contain HgOg.  X-ray diffract ion and infrared 
spectroscopic  analyses  showed that  a  leaching of  te t rahedral  cat ions 
during t reatment  by the non-oxidizing solut ions occurred,  and that  an 
e ject ion of  octahedral  cat ions occurred in  response to  the oxidizing 
t reatments .  No MGssbauer  spectroscopic  evidence for  the formation of  
magnet ical ly  ordered Fe oxide phases  was found nor  was there  any 
c lear  infrared evidence for  the permanent  deprotonat ion of  s t ructural  
hydroxyls  as  a  resul t  of  oxidat ion.  
To compare the dissolut ion rates  of  the micas  during the oxidizing 
and non-oxidizing weather ing t reatments ,  the  cumulat ive amounts  of  A1,  
Mg,  and Fe measured in  the eff luent  af ter  var ious per iods were f i t  to  a  
heterogeneous kinet ic  ra te  law.  The ra te  constants  obtained from these 
f i ts  showed lower dissolut ion rates  in  the HgOg solut ions than in  the 
non-oxidizing solut ions for  the phlogopi te  and s iderophyl l i te ,  whereas  
approximately the same ra tes  of  dissolut ion were observed for  the 
biot i te  in  both solut ions.  The lower ra tes  were a t t r ibuted to  smaller  
effect ive surface areas  of  the mica samples  in  these t reatments  as  a  
resul t  of  the adsorpt ion of  HgOg (or  of  Og produced by the decomposi t ion 
of  HgOg).  Thus,  the  equivalence of  dissolut ion rates  that  were obtained 
with the biot i te  in  the two weather ing solut ions was taken as  evidence 
for  a  substant ia l  increase in  the surface area of  the biot i te  by 
exfol ia t ion during the HgOg t reatment .  Corol lary evidence for  this  
exfol ia t ion was a lso seen in  the broadening of  the x-ray diffract ion 
peaks of  the t reated biot i te  samples  and in  the higher  ra te  of  HgOg 
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decomposi t ion measured during t reatments  of  this  mica.  
To ver i fy  the occurrence of  exfol ia t ion during the HgOg t reatments ,  
a  second weather ing experiment  was conducted.  In  th is  experiment ,  
untreated mica samples ,  and samples  of  the micas  that  had been weathered 
for  36 days by the 1  M K solut ions with or  without  HgOg,  were t reated 
for  12 days in  a  non-oxidizing 1  M K solut ion.  The dissolut ion rates  of  
the phlogopi te  samples  were the  same and thus showed no effect  of  the 
previous weather ing t reatments .  In  contrast ,  the H202-treated biot i te  
samples  dissolved near ly  7 t imes fas ter  than the biot i te  samples  that  
had been weathered only by the non-oxidizing solut ion.  A small  increase 
in  the dissolut ion ra te  of  the oxidized s iderophyl l i te  was a lso 
observed.  Because the dissolut ion rate  depends on surface area,  these 
data  provided s t rong evidence for  the occurrence of  exfol ia t ion in  those 
micas  where oxidat ion also occurred,  and i t s  absence where no oxidat ion 
occurred.  
To s tudy changes in  layer  charge and in  the s ta tus  of  the 
s t ructural  hydroxyl  groups during weather ing,  and to  ver i fy  the effects  
of  inter layer  expansion on oxidat ion,  a  third weather ing experiment  was 
performed.  The micas  weathered in  this  experiment ,  however ,  were 
pre- t reated to  replace inter layer  K wi th  Na,  and to  replace s t ructural  
OH groups with OD groups so that  any exchange of  s t ructural  "protons" 
with the protons in  solut ion could be detected by infrared spectroscopy.  
After  deuterat ion,  half  of  the mica samples  were resaturated with K to  
contract  the layers .  These expanded and contracted micas  were then 
t reated by weather ing solut ions that  did or  did not  contain HgOg and 
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that  e i ther  enhanced or  inhibi ted the expansion of  the mineral .  Thus,  a  
total  of  four  t reatment  solut ions were involved:  1  M Na,  1  M Na + HgOg,  
1  M K,  and 1  M K + HgOg.  Rubidium (Rb),  because of  i t s  chemical  
s imilar i ty  to  K was added to  the K weather ing solut ions as  a  t racer  so 
that  a  dis t inct ion between the or iginal  K present  in  the mica and that  
der ived from the solut ion could be made i f  expansion of  the inter layer  
region occurred.  As in  the other  experiments ,  the  eff luents  were 
col lected and analyzed for  the amounts  of  Al ,  Mg and Fe re leased by the 
mica samples  during t reatment .  The micas  were assayed for  Fe(II)  and 
analyzed by infrared spectroscopy before  and af ter  t reatment .  The layer  
charge re la t ionships  of  the micas  weathered by the K solut ions were a lso 
monitored by analysis  of  the K,  Na,  and Rb in  the mica before  and af ter  
t reatment .  
The resul ts  of  this  experiment  showed that  near ly  a  third of  the 
Fe(II)  in  the biot i te  and s iderophyl l i te  was oxidized during the 
prel iminary K-deplet ion process .  A small  decrease in  layer  charge 
accompanied th is  oxidat ion.  Subsequent  t reatment  of  the contracted 
micas  by the K weather ing solut ions,  however ,  caused very l i t t le  change 
in  the layer  charge of  the biot i te  and s iderophyl l i te  micas ,  and only a  
small  decrease in  the phlogopi te .  As in  the previous experiments ,  
l i t t le  or  no oxidat ion was observed in  the phlogopi te  as  a  resul t  of  
e i ther  the pretreatment  or  the weather ing t reatments .  Substant ia l  
oxidat ion of  Fe(II)  in  the biot i te  and s iderophyl l i te  samples  occurred 
in  both Na solut ions,  a l though more oxidat ion was observed from the 
solut ions that  contained HgOg.  Oxidat ion and sharp increases  in  Rb 
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content  were seen in  the micas  t reated by the K solut ions that  contained 
HgOg.  In  contrast ,  the K solut ions that  did not  contain any HgOg caused 
no oxidat ion of  Fe(II)  or  change in  the Rb content  of  the mica samples .  
These resul ts  provide more evidence that  oxidat ion occurs  only when an 
expansion or  exfol ia t ion of  the inter layer  region a lso occurs ,  and 
suggest  that  layer  charge is  not  a  major  charge-balancing react ion 
during the la ter  s tages  of  weather ing.  
The infrared spectra  for  these micas  showed that  deuterat ion of  the 
s t ructural  hydroxyls  during the prel iminary t reatments  was successful .  
No infrared evidence for  hydroxy!  exchange or  deprotonat ion was seen in  
the phlogopi te  spectra  as  a  resul t  of  weather ing,  but  the s iderophyl l i te  
and biot i te  spectra  showed s l ight  and extensive losses  in  the 
intensi t ies  of  the OD s t re tching bands,  respect ively,  as  a  resul t  of  the 
HgOg t reatments .  The b iot i te  and s iderophyl l i te  spectra ,  therefore ,  
showed that  deprotonat ion or  proton exchange,  occurred when these micas  
were oxidized in  aqueous solut ions.  
Analyses  of  the eff luent  solut ions that  were col lected in  the third 
experiment  showed low and roughly comparable  ra tes  of  re lease of  the A1,  
Mg,  and Fe f ract ions from the micas  t reated by the Na-matr ix  solut ion.  
With t reatment  by the Na-HgOg solut ion,  however ,  the  total  amounts  of  
these cat ions released were much higher ,  and larger  f ract ions of  the A1 
and Fe in  the micas  were re leased than of  Mg.  The higher  levels  of  
re lease by the Na-HgOg t reated micas  were a t t r ibuted to  the eject ion of  
cat ions ( t r ivalent  preferent ia l ly  to  divalent)  to  balance charge created 
by oxidat ion of  s t ructural  Fe(II) .  Charge balance calculat ions.  
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however ,  showed that  less  than one-third of  the total  charge created by 
Fe(II)  oxidat ion in  the biot i te  and s iderophyl l i te  was compensated for  
by cat ion e ject ion.  The eff luent  data ,  thus,  suggest  that  the losses  of  
OD observed in  the infrared spectra  were the resul t  of  "deprotonat ion" 
react ions to  balance charge ra ther  than proton-deuteron exchange 
react ions.  
Three major  conclusions can be drawn from this  work.  Firs t ,  the 
oxidat ion of  s t ructural  Fe(II)  in  t r ioctahedral  micas  by aqueous 
solut ions does not  occur  unless  access  of  the octahedral  sheet  to  the 
bulk solut ion is  al lowed by an expansion or  exfol ia t ion of  the mica 
inter layer  region.  Second,  several  react ions occur  to  balance the 
charge created by s t ructural  Fe(II)  oxidat ion.  A small  por t ion of  the 
charge is  balanced by a  loss  of  inter layer  cat ions,  a l though some of  
this  loss  is  also due to  replacement  of  the cat ions by hydronium ions or  
protonat ion of  the basal  surfaces  of  the mica.  Most  of  the charge 
created by oxidat ion,  however ,  i s  balanced by octahedral  cat ion eject ion 
and by deprotonat ion of  s t ructural  hydroxyls .  The re la t ive 
contr ibut ions of  these two react ions to  the overal l  charge-balancing 
process  are  probably re la ted to  the t r ivalent  cat ion and hydroxyl  
contents  of  the the mica that  i s  oxidized.  Thus,  the  s iderophyl l i te  
e jected a  larger  port ion of  i t s  octahedral  cat ions and showed less  
evidence for  deprotonat ion than the biot i te  because of  i t s  higher  
octahedral  A1 content  and lower hydroxyl  content .  The major i ty  of  the 
charge created by oxidat ion in  both micas ,  however ,  was balanced by 
deprotonat ion.  Third,  because s t ructural  Fe(II)  oxidat ion does not  seem 
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to  occur  without  expansion or  exfol ia t ion of  the mica layers ,  the 
K-select1v1ty of  the mica plays a  role  In determining the extent  of  
oxidat ion that  can occur .  Micas  that  have a  s t rong tendency to  remain 
contracted,  such as  the s iderophyl l i te ,  res is t  oxidat ion by l imit ing the 
access  of  the oxidant  and the egress  of  the protons and octahedral  
cat ion.  In essence,  then,  the propensi ty  for  oxidat ion is  control led by 
the s t ronger  of  two competing chemical  potent ia ls :  the potent ia l  for  
oxidat ion and expansion imposed by the bulk solut ion around the mica 
par t ic les  and the anionic  f ie ld  s t rength or  "contract ion" potent ia l  that  
i s  Innate  to  the mica s t ructure .  
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APPENDIX-
DEVELOPMENT OF KINETIC MODEL FOR DISSOLUTION OF MICA PARTICLES 
The following general assumptions are incorporated into this model 
1) the particles to be dissolved are of a known, 
mathematically describable shape and size; 
2) all the particles in a sample are identical; 
3) the particles are homogeneous in composition and density; 
4) dissolution proceeds at a uniform rate along all three 
geometric axes of the particles; 
5) the total surface area of the particles that is exposed to 
a dissolving solution decreases with dissolution or 
remains constant with no dissolution. 
The model is based on a series of papers presented by Del mon 
(1961a, 1961b, 1961c). Following his approach, the dimensions of the 
particles are described in terms of "half-dimensions", that is, the 
distance from the center of each particle along each of the three 
primary axes to the particle surface. In this derivation, the 
half-dimensions are represented by a, b, and c, with a < b and a < c. 
By assuming a uniform rate of dissolution along all three axes, we 
assume that the shortest axis will approach extinction first and 
therefore be diagnostic for the dissolution of the particle as a whole. 
Measurements of the extent of dissolution, however, are made on a mass 
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basis. The first step in development of the model, therefore, is to 
relate the extent of dissolution on a mass basis to the shape and size 
of the particles expressed in terms of the shortest half-dimension. 
To do this, we express the longer half-dimensions (bQ.CQ) in terms 
of the shortest (ag): 
where »j = (Cq - agl/ag and the subscript "0" indicates the 
half-dimension at time t = 0. Because the rate of dissolution is 
assumed equivalent along all three axes, we can write. 
bo = ao t Wj. [A-1] 
where x = (bg - a^j/a^j, and 
=0 = *0 + CA-2] 
v. 
b = a + xaQ CA-3] 
and 
c = a + uaQ, CA-4] 
where a, b, and c are the half-dimensions at some time t > 0. 
The initial mass of the particles is given by 
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mo = NRVQ CA-5] 
and similarly, at time = t by 
m = NRV, [A-6] 
where N is the number of particles present in the sample, R the density 
of the particles (g cm"^), and Vg and V the volume of each particle 
(cmf) initially, and at time t, respectively. 
Because we know the geometry of the particles (assumption 1), we 
can write 
^0 " **0^0^] [A-7] 
and 
V = *abc, [A-8] 
where * is a "form factor". 
From Eqs. [A-5] and [A-7] we can write 
mg = NRtagboCQ. [A-9] 
Similarly, from Eqs. [A-6] and [A-8] we obtain 
m = NRiabc. 
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CA-10] 
If we represent the mass di ssolved from the particles at 
time t by iHj, we can write 
m = mQ - md [A-11] 
for the mass remaining at time t. Written as a fraction of the original 
mass present, Eq. [A-11] becomes 
m 
— = 1 - a, CA-12] 
•"o 
where a = m^/mQ, the fraction of the original mass that has dissolved at 
time t. 
Substituting Eqs. [A-9] and [A-10] into Eq. [A-12], we obtain 
NR*abc 
1 - a . [A-13] 
NR*aoboCo 
From Eqs. [A-1], [A-2], CA-3], [A-4], and [A-13] we can write 
a(a + xan)(a + wa.) 
1 - o = 2 . [A-14] 
ao'*0 * * "'o' 
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By multiplying out the terms. 
+ a^a-t x + u) + aauftx*) 
1 - a = y 2 . [A-153 
a g C l  +  ( x + u )  +  (  X u )  ]  
Dividing through by ag^ we obtain 
(a/a-i^ + (a/a-l^fx + u) + (a/a-)(xu) 
1 - a 2 2 0 , [A-16] 
1 + (X + ji) + (Xu) 
or alternatively. 
(a/a.)^ + (a/a»)^(x + n) + (a/a.)(Aw) 
« = 1 - [ 2 0 2 ]. [A-17] 
1 + ( X + y) + ( Xu) 
In Eqs. [A-16] and [A-17], therefore, we have expressions that relate 
the fraction of the original mass that has dissolved to the shape and 
size of the particles as represented by the shortest half-dimension, a. 
What is needed now is an expression for the half-dimension "a" as a 
function of time. 
To do this, the specific reaction mechanism and the rate-limiting 
step of the mechanism need to be identified. In the present study, the 
surfaces of the mica particles are assumed to consist of cation sites, 
in which a metal cation is coordinated by structural oxygens and, under 
the conditions of the "main" experiment in Chapter IV, by an aqueous 
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species. As a first approximation we can divide the possible aqueous 
coordinating species into two groups, a stongly-complexing group (e.g.. 
complexers that are responsible for dissolving the mica particles and 
that the weak complexers have an insignificant effect on the dissolution 
process. On the basis of these assumptions, we can propose the 
following dissolution reaction mechanism in which Y represents the 
strong complexers, W the weak complexers, M the metal species of 
interest, and and represent the surface sites containing the 
metal cations (M) that are coordinated by either strong (Y) or weak (W) 
complexers, respectively: 
—? —9 
EOTA , Acet ) and a weakly-complexing group (e.g., HgO, Og, COg, HgOg, 
MeEDTA®, MeAcet®). We assume, furthermore, that it is the strong 
^bulk ' ^ddl [Step I] 
[Step II] 




YMddl = Y%ulk- [Step V] 
k-5 
Steps [I], [II] and [V] represent equilibria between the bulk 
solution (bulk) and the diffuse double layer (ddl) region extending from 
the surfaces of the mica particles. They incorporate the effects of 
diffusion and bulk solution flow rate through the reactor vessel, but 
are not expected to be rate-limiting at the flow rates maintained in 
this study. 
Step [III] represents the relative tendency of the two types of 
aqueous species to form surface complexes with the exposed metal ions at 
the mica surface. Step [IV] is the actual dissolution step, in which a 
surface complex becomes detached from a mica particle. This step is 
proposed as the rate-limiting step. 
Because we are dealing with a flow-through system, and 
are continually being replenished, and continually depleted. 
Furthermore, if we assume that rates of diffusion for species between 
the diffuse double layer region and the bulk solution are high relative 
to the dissolution rate (i.e., steps [I], [II], and [V] have very rapid 
kinetics relative to [IV]), we can substitute the bulk concentrations 
for the diffuse double layer concentrations. Our mechanism is then 
reduced to two steps: 
242 




Now consider the following. A given cation site at the surface of 
a mica has a finite depth, z. Dissolution of the site results in a 
change in the shortest dimension of the mica particle da = -z. The 
probability that this site will dissolve during a period of time, dt, is 
related to whether the site is complexed by W or Y species. Indeed five 
types of reactions are possible during the time period, dt; 
SyM da = 0 [Reaction A] 
da = 0 [Reaction B] 
^YM ^WM da - 0 [Reaction C] 
^YM SyM da = 0 [Reaction D] 
da = -z [Reaction E] 
Only Reaction [E], however, results in dissolution and a change in the 
value of a. If we assume that at a given site the probability of 
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Reaction [E] occurring (P^) during any particular time period (dt) is 
constant, we can write 
i - "app ' "app"'-
where k^pp is the apparent rate constant. The assumption of constant 
Pg is true so long as the equilibria for Steps [I], [II], and [V] are 
reached very rapidly relative to Step [IV], and the ratio 
[Wbulk]/[Ybulk] remains constant. Obviously, a different ratio of weak 
to strong complexers in the dissolving solution would result in 
different values for Pg and k^pp. 
By extension of Eq. [A-18], the average change in the "a" dimension 
of a given particle during time period dt as a result of Reaction [E] is 
simply 
da (Pp) ( - 2 )  
— = —± . [A-19] 
dt dt 
But Pg = k^pp(dt) and da = a - Bq, so we can write 
a = *0 - kapp(z)(dt) [A-20] 
or, when tg = 0, 
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a = *0 - kapp(:)(*)' [A-21] 
In Eq. [A-21], we now have an expression for a, the value of the 
shortest half-dimension, in terms of t. From this expression, we can 
extract an apparent rate constant once an assumption about z, the site 
depth has been made. 
If we substitute Eq. [A-21] into Eq. [A-17], we obtain an 
expression that relates the fraction of the mica particle dissolved to 
the contact time between the mica and the dissolving solution: 
a = 1 -
('Q " + (!L1^EE!!)2(X + u) + " ^^PP'S(xu) 
[  ^ ^ ^  ] .  l A - 2 2 ]  
1  +  ( X  +  u )  +  ( X p )  
We can apply Eq. [A-22] to describe the dissolution of any number of 
particles by assuming that all the mica particles have the same 
dimensions (i.e., a single particle size and shape). Generally, if the 
particles in a sample are not of uniform size, a particle-size 
distribution function must be included in the expression for a (Delmon, 
1961c). In the present study, particle sizes ranged from 10- to 20-um 
(equivalent spherical diameter). Sensitivity analyses showed, however, 
that inclusion of a particle-size distribution function in the 
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dissolution model for these samples had a negligible effect on the rate 
constants obtained. Thus, a particle-size distribution function was 
omitted from the model and this derivation. 
In summary, an expression relating the cumulative amount of metal 
ion dissolved from the mica to the time of contact with the dissolving 
solution has been derived. To obtain the apparent rate constant, app* 
estimates of a^ and z are made from knowledge of the particle 
size-fraction used and the mica structure. These estimates are entered 
into Eq. CA-22] along with the cumulative fractions of the total metal 
ions dissolved (o) at various times. Values of k.„_ are then 
app 
substituted successively into the equation until the best fit of the 
observed and calculated a values is obtained using a weighted least 
squares procedure. 
